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GOVERNMENT CONTRACTS APPLICABLE

TO SEAL TECHNOLOGY

NAS 7-i02 "Static and Dynamic Seals for Liquid Rocket Engines," General Electric

Advanced Technology Laboratories, Schenectady, New York.

NAS 7-i07 "Advanced Valve Technology for Spacecraft Engines," TRW Space

Technology Laboratories, Redondo Beach, California.

NAS 8-4012 "Design Criteria for Zero-Leakage Connectors for Launch Vehicles,"

General Electric Advanced Technology Laboratories, Schenectady,

New York.

AF 04(611)-8020 "Analytical Techniques for Design of Static, Sliding and

Rotating Seals for Use in Propulsion Subsystems," lllinois Institute

of Technology Research Institute, Chicago, lllinois.

AF 04(611)-8176 "Development of Mechanical Fittings for Rocket Fluid Systems,"

Battelle Memorial Institute.

AF 04(611)-8392 "Seat and Poppet Development," Rocketdyne Division, North

American Aviation, Canoga Park, California.
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VALVE-PRESSURE- DROP CALCULATIONS

Io GENERAL DISCUSSION

A. Several valve types have been sized and the configuration sufficiently

established to permit comparative analyses to be made. This appendix illustrates

some of the computations and methods used to obtain pressure losses for the differ-

ent designs. The approach is straightfoi_-ard and unsophisticated because the designs

are conceptual and lacking in detail necessary to conduct a rigorous analysis.

The valves considered as candidate components for this program and com-

pared AP (pressure loss) are:

i. High-pressure in-line on-off or modulating sleeve valve.

2. High-pressure angle on-off or modulating sleeve valve.

3. Low-pressure ring-gate pump-suction valve integral with 180 ° flow

reversal manifold for the oxidizer-pump inlet.

4. Low-pressure in-line on-off sleeve valve (4 required) combined

with separate 180 ° flow reversal manifold at the oxidizer-pump inlet.

5. Low-pressure ring-gate fuel-pump suction valve_ tank.

6. High-pressure in-line on-off venturi valve.

7. High-pressure in-line on-off butterfly valve.

8. High-pressure in-line on-off ball valve

9. High-pressure in-line rotary sleeve valve.

Page i



Report 5329-F, Appendix B

B. NOMENCLATUREANDUNITS

The following nomenclature is used throughout the calculations for each

of the valves. Theunits of length, weight, volume; or time are given with each

symbol or abbreviation as applicable.

Symbol

A

* CD

D

**f

F D

g

K

L

AP

psi

R

V

Definition Unit

Valve inlet or line-flow area in. 2

2
Blockage area of flow obstructions in.

Empirical drag-shape coefficient ND

Valve inlet or line inside diameter in.

Friction factor for line-friction loss ND

Drag force ib

Acceleration of gravity ft/sec 2

Empirical coefficient of kinetic energy ND

loss

Length of valve or line in.

Pressure loss_ differential pressure psi

Unit pressure lb/in. 2

Throat dia to line dia ratio ND

Fluid velocity ft/sec

Fluid flow rate ib/sec

Fluid density lb/ft 3

* C_ values were otained from "Elementary Fluid Mechanics," by J. K. Vennard, third

e_ition.

** Reynolds number is considered to be greater than i x 106 and the valves are as-

sumed to have smooth flow passages with an @/D ratio of 0.0002; therefore, f =

0.014 (Moody Diagram) will be used for all equivalent line-friction calculations.
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Ilo Pressure-loss determination for an in-line sleeve-valve configuration is

similar to that shown in Figure VII-C-I, as a function of diameter, flow rate, and

fluid density.

A. The pressure loss through the valve is considered to be a summation of:

i. The sleeve-restriction loss at the valve inlet.

2. The friction loss of an equivalent length of straight pipe.

3. The drag losses incurred flowing past the support webs.

4. The drag losses incurred flowing around the central body.

B. The following assumptions are used:

i. The port configuration consists of 3/4-in.-wide slots around the

circumference of diameter D. The slots are D/3 long and they are separated by

i/4-in.-wide ribs. The port area is 0.75 x q_D x D/3 = 0.785 D2 equal to the valve-

inlet area.

2. The annular flow section, which encompasses the central body

(sleeve and actuator)_ has an area of 0.785 D2 e_al to the valve-_nlet area. The

L/D of this section has been doubled for computing l_ne-friction loss due to the

large r- diamet er annular config urat ion°

C. The calculated pressure losses are as follows:

i. Inlet-Sleeve Restriction AP I.

The inside sleeve diameter in the inlet port is approximately 0.86D

and is tapered to provide a convergent pipe section. The loss will be treated as a

loss of a convergent pipe section°

Page 3
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2

0.02 _ V2

AP I = psi
2g x 144

ft/sec,
v2= e'A--_ A 2 =

0.785 (.86D)2 _ 0.58D2
144

2 _2 x 1442

V2 _2 x 0.336 D4

_PI =

-2
6.18 x l04 w

2D4

.2
0.02 x ,_x 6.18 x 104 x w

64.4 x 144 x _2 x D4

.2

Ap I = 0.133
_D 4 psi

(Eq I)

Equivalent pipe-line friction loss, P2"

Ap2 f L/D@,V_= 23 x _44 psi

•785 D2
ft/sec A = 144 ft2

V 2 =

•2 .2
w x 1442 (3.36 x 104 ) w

@2 x 0.617 D4 = _2D4

L = 3D_therefore L/D = 5 (increased to account for
double-walled annulus)

f = 0.014 (assumed)

.2
0.014 x 5 x ,_(3.36 x 104 )"w

"" /_P2 = 64.4 x 144 e2D 4

.2

(_q 2)
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Report 5329-F_ Appendix B

Drag loss caused by port webs,fkP 3

FD = cD _ _ _ ib
2 g x i44

AP3 -- cD% _v2 _ qv

2g x 144

AB = .25WD x D/3 = 0.262 D2 ft2
Z44

ft/sec A 0.785 D2V =w =

144

ft2 (by design)

v2 .2 io4) .2= w x 1442 = (3.36 x w

e 2 x 0.617 D 4 _2"_D

CD = 0.6 Empirical drag-shape coefficient.

o2

= 0 xw x @x@ x 144""_P3 o.6x o.262D2 x _ 3.36x i _
64.4 x 144 x_2 x x 144 x w x_ x .785 D2

.2

F 3 = 0.725 w psi (Eq 3)

Drag loss caused by central body P4"

_V _

FD :cD % ,_-
2 x g x 144

= _vP4 cD%_v2 x
2xg

Page 5
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V= _ /w ft sec

A

= (3.36 x 104)

A = 0.785 D2 ft2 (design)

144

_2
w

= .785(I.15D)2 = 1.04D2 ft2
144 1_

CD = 0.15 Empirical shape-drag coefficient.

AP 4 = 0.15 x 1.04 D2 x _x 3.36 x 104 x _2 x @ x w_ x 144

64.4 x 144 x_ 2 x D4 _x 144 x w x _ x 0.785 D2

_2
AP 4 = 0.72 w psi (_q 4)

5. Total pressure loss,AP.

The total pressure loss through the valve is the summation of pres-

sure losses /kPI, AP2,_P3, and_P 4.

_2

Ap --ZAP n -- (0.33 + 0.255 + 0.725 + 0.72) w

Overall
_2

/kP = 1.83 w psi (_q 5)
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Report 5329-F, Appendix B

D. CONCLUSIONS

The previous analysis indicates that the major pressure losses occur

where the fluid passes the webbed port section and changes direction because of

central body section. Careful design and contouring of the webs and the ends of

the central body section would result in reduced losses at these points.

llI. Pressure-loss determination for an angle sleeve-valve configuration similar

to that shown in Figure VII-C-2 as a function of diameter, flow rate, and fluid

density.

A. The pressure loss through the valve is considered to be a summation of:

i. The sleeve-restriction loss at the valve inlet.

2. The friction loss of an equivalent length of straight pipe.

3. The directional-flow loss caused by the flow-diverter inefficiency.

h. The drag loss caused by the sleeve port-dividing webs.

5. The kinetic-energy loss in the toru.s collector°

B. The following assumptions and coefficients are used in the calculations:

i. The flow diverter is assumed to be 80_ efficient.

2. TT1e drag coefficient (CD) for the port webs is assumed at 0.6. The

port area consists of slots 3/4 in. by D/3 in. separated by i/4-in, ribs° The port

area is 0o75D x _x D/3 = .785 D2 equal to the valve-inlet area.
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3. 50_ loss of kinetic energy is assumedin redirecting the radial

flow through the torus collector.

C. The calculated pressure losses are as follows:

I. Inlet sleeve diameter is 0.86D and is tapered to offer a short

contracting section. The loss will be treated as the loss of a convergent-pipe
section.

aP I -- o.o2 _ psi

2g x 144

V2 = w ft/sec A 2 = 0.785 (.86D) 2 = 0.58D2

_--A2 144 144

_2 . 2 1442 104 _ 2= w x = 6.18 x w

2 x 0.336 D4 _ 2D4

A PI = 0.02 x @x 6.18 x l04 x w_2

64.4 x 144 x _ 2 x D4

PI
.2

= 0.133 w psi

D4

(Eq i)
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Report 5329-F, Appendix B

. Equivalent line-friction loss, A P2

" P2 = f _ID) _ _ psi

2g x 144

V = _ ft/sec A = .785 D2

144

.2 lO4) .2= w x 1442 = (3.36 x w

2o.617# Q2_4

ft 2

f = 0.014 and L/D = 5 (assumed)

LkP2 = 0.014 x 5 x _x 3.36 x 104 x @2

64.4 x 1.44 x _2 D4

.2

AP2 = 0.255 w

(_D4

psi (Eq 2)

3. Flow-diverter loss, _ P3

The flow diverter at the assumed 80% efficiency would cause a 20%

loss in kinetic energy.

_h = 2o ?
2g x 144

psi

The velocity entering the diverter is that in the restricted sleeve

diameter (0.86D)

V = _ ft/sec A = .785 (.860) 2 ft2

_A 144

Page 9
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v2 .2 - ( io4) .2= w x 144 _ = 6.18 x w

2 xO.336D 4 C2 D4

P3 = .20 x_ x 6.18 x 104 x _2

64.4 x 144 x _ 2 x D4

.2

Z_P 3 = i.33w

CD4

psi (Eq 3)

Drag loss caused by port webs, AP 4

2g "x 144

AP4 -- % _o _ v2 x v
2g x 144

= CD 4 _ 2V3
i

288 g x -_

= .25 IY D x D/3 = 0.262 D2 ft 2
l_ 144

V = @ ft/sec, A(port area) = .785 D2
144

V3 : @3 x !443 = (6.18 x 10 6 ) @3

3 x 0.484 D6 _ 3 D6

ft2 (by design)

CD = 0.6 Empirical drag-shape coefficient

iP 4 = 0.6 x 0.262 D2 2x _ x 6.18 x 106 x @3

288 x 32.2 x 144 x _ x _3 x D6

AP4 = 0.728 @3
4

QD

psi (_q 4)
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Report 5329-F, Appendix B

5. Torus collector loss,lXP 5

05 ev2
A P5 = psi

2g x 144

V entering torus
x 144

_ x o,?85 D2

.2
w x 1442_=
2 D4

x 0.617

3.36 x zo 4 x-_2

_2 D4

P5

0.5 x x 3.36 x 104 x _2

64.4 x 144 x _2 x D4

.2
14

P5 = 1.80 7 psi (Eq 5)

6. Total valve-pressure loss, mP

The total pressure loss through the valve is the summation of

the pressure lossesaPl, AP2' _P3' _P4' snd2_P 5

AP = ZAP n

"2

= (0.133 + 0.255 + 1.33 + 0.728 + 1.80) --_---

psi (Eq 6)

D. CONCLUSIONS

The coefficients and the efficiencies assumed for the various incre-

mental sections of the valve are conservative; it is probable that effective con-

touring of the flow diverter and torus collector could reduce the P somewhat.
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IV. Pressure-loss determination for the AJ-I oxidizer pump-suction ring-gate

valve, including the external elbows and manifolding to provide a 180-degree turn

of the fluid flow at the pump-suction inlet.

A. The configuration of the valve is shownin Figure VII-E-I. The analysis

includes the losses from a point just upstream of the suction-line transition elbow

to the pumpinlet after executing a 180° bend.

Bo Assumptions and Conditions

i. The transition elbow executes a smooth90° radius at the sametime

flaring out to distribute the flow into the torus collector. A loss coefficient,

K = 0.3, is realistic for this part, based on Beij loss coefficients for smooth 90°
bends.

2. Distribution of flow into the torus collector is such that 70_ of

the flow passes directly through the ring-gate port. The remaining 30_ requires

partial redirection. A conservative assumption would be that 30_ of the flow loses

all its kinetic energy. K = 0.3 will be used for this AP.

3- Twosets of supporting webs for the ring gate and flow diverter

are contoured to present minimumflow resistance. The cross-sectional area of each
2

set of webs exposedto the flow path is 24 in.. Drag-shape coefficients of 0.2

and 0.15 will be used to obtain the drag _P.

4. Theflow diverter is roughly equivalent to a smooth radius 90°
elbow. A factor K = 0.4 is assumedconservative for this _P.

5. This valve has been sized for the AJ-I engine. For purposes of

direct comparison with other valve arrangements the actual line and port areas,

fluid-flow rates and fluid density, will be used to establish numerical A P valves.
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Report 5329-F, Appendix B

Oxidizer flow rate = 13410 lb/sec (L02)

Fluid density = 70.5 lb/ft 3

2
Flow area (inlet) = i133 in.

Flow area (outlet) = 1020 in. 2 (36 in.-dia pump inlet)

C. The incremental pressure losses are calculated for the inlet elbow, the

drag losses at the port webs, and the redirection losses of the flow diverter.

i. Transition elbow pressure loss _ P.

/kPI
.2

= K x 2.24w

A2

K = 0.3 Smooth radius 90o elbow (r = 1.5 D)

PI = 0. 3 x 2.24 x 134102

70.5 x 11332

P1 = 1.33 psi

. Distribution torus loss _P2"

.2
AP 2 = 0._ x 2.24 w

_ A 2

= o.3 x 2.24 x 1341o2

70.5 x 11332

P2 = 1.33 psi
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Drag-pressure loss at webs A P3"

P3 = Fd psi

A

2g x 144

ib

2
A = 1133 in.

CDI = 0.2 upstream

_i = _2 = 24 in. 2, CD2 = 0.15 downstream

%1%+ %2% = (%1 + %2) % -- o.35 % : %%

V
.2

= @ x 144 ft/sec _ = w x 1442

@A _2A2

AP 3 =

.2 .2
0.35 _ x w x 144 = 0.783 x _ x w

2g x @ x P @x A3

= 0.783 x 24 x (1.3410) 2 x 108

70.5 x (1.133) 3 x 109

P3 = 0.033 psi

90° flow-director loss _P4

2
_P_. = K x 224

C A2

K = 0.4 fairly smooth 90 ° Elbow (i020-in.2 exit area)
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AP4 = 0.4 x 2.24 x 134102

70.5 x 10202

_P4 = 2.17 psi

5. Total valve and inlet Z_P

AP =_P = 1.33 + 1.33 + 0.03 + 2.17
n

Total Z_P = 4.86 psi

6. Converting the total loss to terms of pump inlet

A outlet = 1133 in. 2 = 0.785 D2

A inlet = 1020 in. 2 = 0.872 D2

_P1 = 0.3 x 2.24 _2 = .883 ,3

o.76 D4 _ D4

Total ZkP = 3.22 @2 psi

4

_D

Page 15
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V. Pressure-loss determination of the AJ-I oxidizer suction inline sleeve valve
and manifold.

A. The configuration of the valve is similar to the high-pressure inline
sleeve valve considered in Section II of this appendix (Figure VII-C-I). Analysis

of this valve and the 180° return manifold at the oxidizer pumpsuction are pre-

sented for comparison with the ring-gate oxidizer pump-suction valve considered in

Section IV. Four 20-in.-dia valves will be used, one in each of the oxidizer-pump
feed lines. The lines downstreamfrom the valves will discharge into a 180° bend

manifold to redirect the fluid into the pumpsuction.

_° Assumptions and Conditions

i. The formula derived for the inline sleeve valve considered in

Section II will be used to determine the valve pressure loss.

2_ The 180° bend manifold closely approximates a close return 180°

pipe bend. An empircal coefficient of kinetic energy loss_ K = 1.2_ will be used
as a comservative value to determine this pressure loss.

3. _eca_oethis analysis is for direct comparison with the suction

ring-ga_e valve considered in Section IV_ the LO2_oxidizer pressure_ flow rate_
and density from the AJ-I engine specifications will be used.

Total flow rate = 13410 ib/sec

13410 ib/secFlow per valve = _ = 4

Fluid density (LO2) = _ = 70°5 ib/ft 3

= 3352 lb/sec
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The calculated pressure losses are as follows:

.

Valve-pressure loss &PI

PI

.2
= 1.88 w

D

psi (Appendix A, Section II, C, 5)

= 1.88 x 33522

70.5 x 204

_PI = 1.84 psi

2. Manifold (180 ° bend) pressure loss _P2

_P2 = K_
2g x 144

K = 0.9 = loss coefficient for smooth 180 ° bend (r = 1.5D)

V = @ x 144 ft/sec, A = 0.785 D2 in. 2

_A
.2v2 -- w x 1442

_2 x 0.617 D4

P2 = 0._ x 144 x @2

D4 2
64.4 x 0.617 x _x = 3.38

04

For the AJ-I:

AP 2 = 3°38 x 33522 = 3.38 psi
70.5 x 204
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3. Total _P of valves and manifold

Total AP = _PI + AP2 = 1.84 + 3.38 -- 5.22 psi

VI. Pressure-loss determination for low-pressure ring-gate fuel pump-suction

valve designed for mounting in the fuel-tank outlet.

A. This valve is similar in configuration to the oxidizer pump-suction

valve except that the tank itself replaces the collector torus. The configuration

is such that the fluid enters the valve at an angle 0 with the radial plane, which

imparts an axial-velocity component, thereby reducing the pressure loss required to

divert from radial to axial flow. A sectional view of the valve configuration is

shown in Figure VII-E-I.

Bo Assumptions

le Valve-exit-port diameter = 29.5 in. equal to the pump-suction in-

let.

0

o

o

The suction port is assumed to be unrestricted with rounded entry

(CD = 0.98). (Discharge coefficient of round-edged orifice.)

The valve design provides a full_ open-valve height, h = ii in.

The loss of the valve will be a summation of the following losses:

ao Entrance-loss coefficient = 0.02 for well-rounded entry.

2
b. Loss due to support webs having 22-in. normal area. Drag-

shape coefficient = 0.20.
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Report 5329-F, Appendix B

c. Loss due to redirection of radial flow. Assume flow dlverter

same as smooth 9O° elbow, r = 1.5D. Beijs loss coefficient = 0.30.

d. Loss due to smooth convergence from valve-inlet area at h = ii in.

to valve outlet area D = 29.5 in. Loss coefficient = 0.04 based on exit velocity.

valve.

Q The model shown in Figure VII-E-I is ass_med for _nalysis of this

C. Calculations for Valve _P (full open)

i. Entrance loss AP I

2

0.02 _V e

PI = 2g x 144 psi

V = w x 144 ft/sec

e _ Ae

qr
A =- x
e 2 30.5 + (49.5 - 20 sin G)] h + 6 - lOIx Cos e

9.5
= tan -1 sleeve stroke h = ii in. (design)

: tan -1 9.5 : tan-! .559 : 29 2 °
17

slne : .488 cos e = .873

x [30_+149.5976_1Ae = _

A

e 2

_x 70.24 x 9.5
= 1047 in. 2

x [19.5 -I0]

2
in.
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Convert to terms of exit (pumpsuction) diameter,

Exit diameter D = 29.5 in.

A exit = 0.785 D2 = 684 in. 2

A 1047 0.785 D2 D2
e = --6_ x 144 - 1.2

io4 -2
g = w x 144 ft/sec V 2 = (1.44 x ) w

e _x 1.2D2 e Q 2 D4

104 .2
0.02 x _x 1.44 x x w

API = 64.4 x 144_2 D4

.2

_PI - 0.034 w psi (Eq i)

2. Drag loss due to support webs in flow path £XP 2

l

l
I

I
I

I
FD I_P2 : K- psi
e

2

CD% _VeFD = 144 Zg ib I

V

"2
2 1.44 x 104 w

e @ 2 D4

CD : 0.20 (assumed) : 22 in. 2 (design)

FD =

104 .2
0.20 x 22 x _ x 1.44 x x w

1.44 x 64.4 x _2 D4

.2

= 6.85 i-m. ib

I

I
l
I
I

Page 20



I
I

I
I

I
I

I

I
I
I

I
I
I

I

I
I
I

l

I

.

Report 5329-F, Appendix B

A = i047 in.2 (from Vl, C, i)
e

.2
6.85 w

P2 - i0--_7

_D

.2
0.006 w

AP2 = 4 psi

Flow-diverter loss A P3 (radial velocity only)

V 2
0"3_ x

AP3 = 29 x 144 psi

V : V cos _ (radial component of velocity)
x e

x 144

Ve _ x 1.2 D2 (from VI, C, i)

V = .873 x w X 144 ft/sec
X

2
V =
X

x 1.2 D2

io4 .2(1.1x )_
2D4

0.3 x _ x i.i x 104 x w2

AP 3 - \ 2 4

64.4 X 144 X _ x D

'2

Z_P 3 = 0.356 -_ psi
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, Smooth convergence loss _P4

V2

0.04 _ exit psi
_P4 = 2g x 144

x 144 = .785 D2 in. 2
- ft/sec Aexit

Vexit _ Aexit

v2 _ x 1442

exit = _ x 0.617 D4

l04 -2= (3.36x )
_2 D4

AP 4 =

lO4 .2
0.04 x _x 3-36 x x w

2 4
64.4 x 144 x _ x D

.2
w

Ap 4 = o.145 --_

o

.

Total Valve Loss A p

.2

AP = _AP n : (0.03 + 0.006 + 0.356 + 0.145)

-2
w"

_p = 0.54 ---g psi
QD

Used as the fuel (LH 2) pump-suction valve for the AJ-I

engine; the pressure loss is:

w = 2240 ib/sec

C = 4.8 ib/ft 3

D = 29.5 in.
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_P=
0.54 x (224o)2

4
4.8 x (29.5)

= 0.745 psi

VII. Pressure-loss determination for a high-pressure in-line venturi-type on-off

valve having a configuration shown in Figure VII-C-IO.

A. The pressure loss through the valve is considered to be a summation of:

i. The drag loss incurred by flow past the central obstruction formed

by the poppet assembly.

2. The convergence loss from line area to throat area.

3. The divergence loss in the i0 ° diffuser section.

4. The friction loss of an equivalent length of straight pipe.

B. ASSUMPTIONS AND CONDITIONS

i. The configuration of the valve for analytical purposes is shown

in Figure VII-C-10. The valve length and pressure-drop determination are dependent

on the throat-to-llne diameter ratio and the line diameter.

2. Valve size vs diameter- and area-ratlo assumptions based on design*

me

b.

C.

d.

R = throat dia/line dia, Dt = R D

Diffuser included angle = I0 °

Poppet dia = 1.1 x throat dia

Poppet length _ 3 x throat dia

*Data obtained from Mr. Z. Fox of Fox Valve Co.
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. Length Determination

LD : 2 tan 5° : 5.7 (D - DT) : 5.7D (l-R), R = D_D

LI = 3DT = 3R__O

L = LD + LI = 5-7 D (I-R) + 3RD = 2.7D (2.I-R)

o

so that a drag coefficient_ CD = 0.25, will be realistic.

to the line area.

The central poppet-assembly obstruction is assumed to be streamlined

The annular area is equal

5. A loss coefficient, K = 0.04, is assumed for the rounded or bell-

monthed gradual contraction to the throat.

6. A loss coefficient_ K = 0.08_ is assumed for the diffuser-section

conical enlargement_ based on empirical data from the Fox Valve Co.

7. The equivalent pipe length (L/D) assumed for friction loss is twice

the physical length because of the annular inlet and the reduced throat and diffuser

mean diameters.

C. The calculated pressure losses are as follows:

i. The drag loss caused by the central-body poppet assembly is:

CD x _ x _V 2

PI = psi
2g x 144 x A

Page 24
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The valve-inlet diameter is 1.2D and the annular area is equal

A = 0.785D 2. Therefore the blocked area is by design:

A b = .785 (I.2D) 2 (o)2 = o.34602

V2 = w x 144 ft/sec, A = 0.785 D2

CA

•2 -- "2
2 w x 1442 3.36 x 104 w

V

=@ 2 D 4 2 4x o.617 C x o

CD = 0.25 (assumed)

o.25 x o.346 o2 .2x 3.36 x 104 x w

64.4 x 1.44 x 0.785D 2 x _x D4

API = 0.40 _ psi (Eq l)

Gradual-contractlon loss AP 2

K x V 2
T

AP2 = 2g x 144 psi

K = 0°04 for rounded entry contraction

x 144 2

VT = _ AT AT = 0.785 DT

DT = RD AT = 0.785 R2 D2

Page 25
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2

VT

.2 "2
w x 1442 3.36 x 104 x w

2 x 0.617 R4D 4 R4_2 D4

0o04 x 3.36 x 104 x w2

R4 4
64.4 x 144 x x_ x D

I

I
I

.2
.145w

ZkP2 R 4 4 psi
x_D

Diffuser conical-expansion loss, _P3

2 _ V 2 )(vT
AP 3 = K 2g x 144

psi

K = 0.08 empirical factor (Fox data)

(Eq 2 ) I
I

I
I

"2
2 3o36 x 104 x w

VT =
R4 _ 2 D4

V2 =

.2
3.36 x 104 x w

_2 D4

VT2 _ _ = 3.36 x 104
R4

AP 3 =

(see VII_ C, 2)

(see VII, C, I)

-2
0.08 x 3.36 x 104 (I-R 4) w

R 4 D4
64.4 x 144 x x _ x

0.29

ZhP 3 =

I
I

I

I
I
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.

Equivalent pipe-friction loss AP 4

I ap4 f L/D_V2
- 2g x 144 psi

!

!

!

!

f = 0.014 (see I, B)

L/D = 2 x 2.7 (2.1 - R) (use 9 as average)

.2
V2 _ 3.36 x 104 x w

2 D4

(see VII, C, i)

AP 4 =

104 .20.014 x 9 x 3.36 x x w

64.4 x 144 x_ x D4

.

.2

ZIP4 = 0.456 _ psi

Total valve loss _ P

I [ 0.145 0.29 (I _ R4) + 0.456]
Ap = _Pn = 0.40 + _ + 7

!

I
I

I
I

I

"2

ZiP = 0.455 (1.30 + A) w

R_

Converting to various D_D ratios

R AP

o.8

o.6

'2
w

Z_P : 1.89 --_
PD

"2
w

Ap = 3.92 --_

PD

Page 27
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R

0.5

_P

"2
w

_P = 7.53 --_

PD

o.4

o.3

"2
w

_P = 17o6 --_

PD

"2
w

_P = 54.3 --_

PD

0°2 _P = 272

"2
w

---_ psi

PD

VIII. BUTTERFLY VALVE_ AP VERSUS SIZE, SYSTEM PRESSURE AND FLUID DENSITY

The loss in kinetic-energy pressure through the butterfly valve will be

assumed to be the net change in flow kinetic energy occurring past the blade.

This assumption is based on the fact that no recovery of the increased kinetic

energy occurs downstream of the blade_ as there is no gradual diffuser section

in this location.

Line flow area upstream and downstream from the valve is

AL = .785 D2

Net flow area past the valve blade is

AU = .785 D2 - D x (d + 1.25 t), where d = shaft dia = .006 D x P

t = 3.5 x 103 x D/S

(from size and weight analysis)
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AU = .785 D2 - D (.006 D x P + 3.5 x l03 D/S) = .785 D2 - .006 D2 x P - .0044 D2/S

44oo)= 02(.785- 006P s

Change in kinetic energy in passing the blade is

ZhKE = 2 . _]2.24 w 1 1 2.24 w 2 r !

p (_2 A2) %4 [(.785 - .o06 P - 44oo_
S _

2,24 _2

A KE = AP = 4
D 1 _00)2 1.62]

(.785 - .006 P
O

NOTE: The number within the bracket in the above equation is the fraction of the

kinetic energy of the flow at the line velocity that is lost through the valve.

For a 1500-psi valve, blade stress = 35,000 psi, this factor is 0.73, which closely

corresponds to the loss measured in water-flow tests of this design (Titan) valve.

pressure loss (_P) = [(.785- 2.24.006P 4400)S - 3.631 W_D psi

where:

A P = pressure loss, psi

= flowrate, lb/sec

= fluid density, lb/ft 3

D = line size (ID), in.

P = valve proof pressure, psi

S = Blade stress, psi

NOTE: Bearing stress is 15_000 psi with no shaft deflection.
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IX. BALL-VALVE PRESSURE-LOSS DETERMINATION

It may be seen (Figure VII-C-20) that the only flow restriction is caused by

the two circumferential grooves between the ball (moves) and the body. By careful

design to minimize the width of these grooves, the pressure loss can be made nearly

the same as an equal length of straight line. In practice, the loss has been found

to be about 5 to 20_ of the flow kinetic energy, or

•2 .2

AP = .I x 3.64 w __ .364 w

4 D4 psi

AP = Loss, psi

w = Flowrate, ib/sec

D = Line ID = Ball port dia, in.

= Fluid Density, ib/ft 3

(Note: Some ball valves are made with port

dia less than line ID to reduce

ei_ivelope size.)

Xo ROTARY SLEEVE-VALVE PRESSURE-LOSS DETERMINATION

The pressure loss through the valve will be estimated by dividing the valve

into several increments and calculating the loss caused by each. The sum of these

increments is the total pressure loss. See Figure VII-C-13.

.2
4.96 w

TOTAL Ap = 4 psi

_D

Where: = Flow rate, ib/sec

= Fluid Density, ib/ft 3

D = Valve inlet dia, in.

AP = Pressure loss, psi
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A° Pressure loss due to conical flow diverter. The configuration simulates

a smooth 90_ elbow with r = 1.5D for which a loss coefficient,

K = 0.3, is :realistic

0.3 P_

API = 2g x l_q$

o2
0°3 x 3.64 w

.2

Ap I _ 1.094w psi

B. Loss due to flow through radial ports in rotating-sleeve section. This

loss will be conservatively considered as flow through four sharp-edged orifices

D .717D 2 A loss coefficient, K = 0.8, ishaving the combined area A2 = 0.45 D x _ =

assumed for this section

0°8 T v22

AP2 = 2g x 144

x 144 ft/sec A2 = .717D 2 in. 2
V2 - _ A2

•2 .2
2 w x 1442 4.15 x i04 w

V2 = 2 o5 D4 - 2 D4
(_ xO x (_

*Fluid KE --
2°24 w2 3°64 w2

2g • 144 - psi =
A2 _o4

psi
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_P2 =
10 4 "20.8 x 4.15 x x w

4
64.4 x 144 x g_ x D

o2
3.58 w

Z_P2 -

e_
psi

C. Loss due to bend in the outer housing (axial). The kinetic-energy loss

factor for a smooth radius_ 90° elbow is 0.3 x KE. Assuming the outer housing to

be similar to an elbow_

2 .2
3.64 w 1.09 w

AP3 : 0.3 x 4 - 4 psi
D

D. Friction loss for equivalent length of straight pipe. L/D = 4 is

assumed for this configuration, which has a physical length of 2D (because of the

annular flow passage)

0o014 x 4 x V2 x
AP4 : 2g x 144

"2
0.056 x 3°64 w

4

.2
0.204 w

A P4 - _ D4

psi

Total rotary sleeve-valve pressure loss is the sum of the incremental

"2

losses calculated above, _AP = (1.09 + 3.58 + 1.09 + 0.20) w

L.96 x¢
TOTAL AP -- 4 psi

@D
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XI. Pressure-loss determination for multiple-venturi integral pump-discharge

valve_

A. The configuration of this valve is shown in Figure VII-D-3. The design

is such that the annular flow passage around the poppet and actuator insert has a

constant area throughout the length of the valve equal to the area entering the

diffuser section (which diameter forms the poppet sea_.

B. ASSUMPTIONS

io The length of the contoured poppet assembly is three times the

poppet-seat diameter.

2. The contoured poppet assembly will be considered as a central body

blocking the flow path having an area_ = 1.2A, where A is the area of the flow

passage. The drag-loss coefficient, CD, for this will be assumed as 0.08°

.

area Ab = O.1Ao

struts.

The longitudinal struts supporting the central body have a total

A drag-loss coefficient, C D = 0.06, will be assumed for these thin

4. A valve sized for one of eigh_ separate pump-diffuser outlets will

be based on the following parameters for the AJ-I fuel pump.

2
Diffuser throat area, A = 6.74 in.

Equivalent throat dia, D = 2.92 in.

Total flow rate of LE2, w = 2240 lb/sec

Flow rate/valve, w = 2240/8 = 280 lb/sec

Density of LH2,_= 5.3 Ib/ft 3

Psge 33
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C. The calculated loss will be considered to be the sumof an equivalent

line loss, drag loss of a central body, and drag loss of the supporting struts.
The effects of the valve on the diffuser efficiency have not been determined and

have not been included as part of the valve pressure loss.

lo Equivalent line-friction loss, A p.

apI f _ _/Dx _v2 |
= 2g x 144 psi

!
L/D = 6 assumed for annular passage, f = .014 = friction factor.

x 144 ft_sec,/ A .785D 2 in 2

_A

2
V =

•2 i_ "2
w x 1442 3.36 x 104 w

_2 4 = 2 4x 0_617 D _ D

l04 .20.014 x 6 x 3.36 x x w

/kPI = D464.4 x 144 x P x

I

I
I

I
o2

P = .304 _D psi

\

2o Drag loss due to central body, A P2

CD_ PV 2

A P2 : 2g x 144 x A
psi

CD = 0.08 drag-shape coefficient

I

I
I
I
I

Psge 34
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Ab = 1.2A, area of central body (design)

V2 =

"2
3.36 x 104 w

(from XI, C, i)

Z_P 2 =

0.08 x 1.2 x 3.36 x 104 x w 2

64.4 x 144 x _x D4

-2
w

_P2 : o.348 _ psi

?D

Drag loss due to support struts, ZkP 3

CDA _ PV 2

/kP3 - 2g x 144 x A

CD = 0.06 drag-shape coefficient

A D = 0.i A area of struts (design)

.2
0.06 x O.1 x 3.36 x 104 x w

gkP 2 =
64.4x144x_xo 4

.2

_P3 = 0.022 _ psi

Total valve loss, _P

ZkP = ]_/kp = (0.304 + 0.348 + 0.022)
n

"2
w

/kP = 0.674 _ psi

_D

"2
w

Psge 35



Report 5329-F, Appendix B

5. Basedon the AJ-I fuel-pump data:

Ap =
0.674 (280) 2

5.3 (2.93) 4

_P : 135 psi

Based on the total pump-outlet head of 4700 psi_ this loss repre-

sents less than a 34 loss for a shutoff valve having excellent control capability

as well as a very attractive small envelope and weight characteristics.
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VALVE SIZE AND WEIGHT CALCULATIONS

Size and weight studies have been made for most of the discrete valve types

discussed in this report. This appendix includes some of the calculations used to

establish the valve sizes and weights relative to line size_ D_ proof pressure, P,

material allowable stress, S, and material density, O .
\.

Io WEIGHT AS A FUNCTION OF SIZE_, PRESSURE_ANDMATERIAL FORT HE IN-LI_
SIIKEVEVALVE

The in-line sleeve valve may be represented as several cylinders and cones

for the weight analysis as shown below:

By assuming that all dimensions are proportional to the inlet diameter, D,

and that all thicknesses are proportional to the product of the pressure and the

diameter divided by the strength of the material, the relationship of weight as a

function of diameter, material strength, pressure, and material density can be

derived as follows:

Part i

d = I.ID; length = i = 2.5D;
ave

Volume of material = _(i.i0) x 2.5D x PD/2S =

4.3 _PD 3

S

PD
t = thickness = -- S = stress.

2S '

"4"3PD3 Weight of material = ,Dx volume =
S

Page i
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Part 2

Part

dave = 0.9D, i = 1.8D, t =
2S ,

Material
= _x _d x 1 x t 2 PD 3Weight

3

Part 4

dav e = 1.SD_ I = 1.5D, t = _P(I'SD)
2S

Weight: C x Volum_ 5.3
= ------s-__ _

Part 5

Part 6

dave = 1.3D, i = D,

Weight = _x Volume -

dave = 0.6D, i = 0.SD,

Weight - 0.5 pD3__
S --

dave = 1"35D, i = 0.3D,

Weight = O.8 pD3__
S

t = Pl__3D)
2S

2.7 Pn3_
S

t _-P(o.6DA
2S

t _-P(z.35_)
2S

Page 2
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Part 7

Asurfac e = (0.785 D2)1.3,

Weight = _At - 0.02S D3

t = O.02D (not stressed)

The total valve weight without actuator is the sum of the weights of the parts:

Total Weight = _(w I + W 2 + .... + W7)

Total Weight - 15.62 pD3¢ '
S

Weight (W) = valve weight without actuator, Ib

P = maximum design pressure (i.e., proof pressure), psi

D = line size (diameter), in.

= material density, ib/in. 3

S = design stress limit (occurs at P), psi

II. ROTATING SLEEVE-VALVE WEIGHT (W/0 ACTUATOR) VS SIZE_ PEESSURE_ AND MATERIAL

The weight of this valve will be determined by calculating the required

thickness of the various parts with regard to size and strength. The other dimensions

of the parts will be assumed proportional to the line ID. With the dimensions known,

the volume of metal can be calculated_ which multiplied by the material density yields

the weight of the part.

Let: P = Proof Pressure, psig

S = Material Stress, psi

t = Material Thickness

D = Line Size, l_in.

= Material Density, ib/in. 3

Page 3



Report 5329,F, Appendix C

A. CENTRALFLOWDIVERTER

Assumethat a maximumflow rate will have a kinetic-energy pressure of
V2

ioo psi (=_g.144).

Force on the Deflector = _ Flow Momentum/time

Zk Flow Momentum/Time : _V x : _Vx, W -
AV x

- _iI_,

Then:

Since

AM _ @AVxAV x

Unit Time 144 g

_V x = Vx (sec@-l),

KE =$g 144 psi,

2_Vx = Vx V x Cos e

= (secS-l)
'144 g

2kM IA(sec0-1))A"_ =I<E 2

(8 = Bend _ngle of Flow)

= Force on Deflector

As sinning PKE = !00 psi,

Because the average pressure on the deflector (to produce F) is P = F/A,

(sec_ -i) (sec_ -i) av
Pay = PKE 2 , with PKE = i00 psi, PAV = i00 2

50(seee-l)psi, for this value, e_ 45_ sec _ = sec 45 ° = 1.41, P _ = 50(1.41-1) =
av

21 psi (av) due to turning the flow, not static pressure.

Because the AV pressure resulting from turning the flow is small, this criteria

will not be used to establish the diverter thickness. Although the diverter does not

"see" the static pressure of the system, the occurrence of water hammer could cause

an appreciable _P across this part, depending on the compressibility of the flow

medium and the size of the passage whereby the pressure on either side of the diverter

is equalized. Assuming the safety factor applied to the system pressure to account

Page 4
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for water hammer is 2.5, the equivalent factor for the flow diverter is 2.5-1 = 1.5,

because system pressure is initially equalized•

Based on 1.5 times system pressure on the upstream side of the diverter, the

maximum pressure it must be designed to withstand is

P = 1.5 x (System Pressure) Proof Pressure
= 2.5 x 1.2 x 1.5 = .5 (Proof Pressure)

Where Proof Pressure = System Pressure x 1.2 x 2.5 = 3 (System Pressure)

Shear Area =_, Stress = -5P __,.785--_

• ("/T/4_ _ .125 PD .15 PD3 in 3t = 5P D2 .125 PD, Vol = A x t _I.2D 2 x - •
_DS S S S

Wt of Flow Deflector = _x Vol = .15 _PD 3S ib

B. ROTATING SLEEVE

The primary concern in designing the sleeve is to limit diametral

expansion (i.e._ distortion) from the open- to closed-valve positions• This

tolerance (for pressure and temperature distortion) is limited by the seal-

clearance accommodation, which may be estimated• A 4-in. valve seal could

probably accommodate a radial clearance change of .004 to .008 diametrical change.
.oo8

This amounts to _ = 0.2% of the diameter (set S = •002E), where E = modulus of

elasticity if required by seal criteria.
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I

I

Pressure force acts on _ .6L = (.SD x .6L)P = .5 DLP ib

Approximately .4L must carry the Hoop Stress A = .4L x 2t

•5 DnP .625 DP
Stress = S = _ = .625 DP/t, t = S

Area :7.9_D x .8L + .785(.8D) 2.

For Port Area - Line Area: .4_(.8D) x .5L -- .785(.8D) 2

L-IxD

Hence area :" .9D x .SD + .5D = 2.26D 2 + .5D _ 2.46D 2

Vol = A'T _2.46D 2 x .625D P/S = 1.54 PD 3

S

Sleeve wt 1.54 _PD 3

S*

*S = .O02E if required
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C. INNER BODY, SLEEVE HOUSING

Assume L = 1.5D

Applying the same thickness as for the sleeve, ratioed tothe diameter

increase:

t _1.2 (tsleeve) = .75S DP

A = 1.05D .....x 1.5D = 5D2, Vol = A,t = 3.75D3p/s

Part wt = 3.75_PD3

Inner-body Fairing Cone

Assume av t = 2/3 tbody, t = 0.5 DP=_,_

S

A = _D/2 x D = _D2/2, Vol = A.t = 0.8D3p/s

Part wt = 0.8S_ PD.3
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Do OUTER BODY

L !

I
Average dla = 1.3D,

avt = PDav 1.3PD _ .65PD
2S 2S S

2
L_l.6D, A = D x L = 6.5D in.

av

Vol = A.t - 4"22PD3 Part wt = 4.22 _pD31b
S ' S

E, TOTAL VALVE WEIGHT WITHOUT ACTUATOR

Total wt = _Part wt = lO.46.)pD31b
S

Where: IO = Material Density, lb/in. 3
\

P = Proof Pressure

S*= Material Stress at P = Proof Pressure (i.e., Design Stress)

D = Valve Inlet ID (i.e., Line Size)

* Set S = .O02E to limit distortion to .2% if required by seals,

where E = Material Modulus of Elasticity.

I

I

I

I
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III. VENTURI TYPE VALVE--SIZE AND WEIGHT DETERMINATION

Valve size vs dia and area ratio.

Assume: R = throat dim/line dia, DT = R.D

I

I
I

!

Diffuser inciuded angle = 10 °

Poppet dia = 1.1 x throat dia

Poppet length = 3 x throat dia

Sketch of Valve I_7out

Data obtained from

Mr. Z. Fox

D- _o = 5.7(DL. D_) = _.7(_- R), R= DT/DLD = 2 tan .....................

LI = 3D T = 3RD

LOA= L D + L I = 5.7D(1 - R) + 3RD = 2.7D(2.1 - RI
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A. WTOFDIFFUSERSECTION

LD

Surface area_ _ (D + DT) x cos 5° = 1.6(D + DT)L D

= 1.6D (i + R) x 5.7D L (i - R) = 9.12D 2 (i - R2)

Assume uniform wall thickness throughout the outer shell:

PD _'I2PD3 4'56PD3 (i - R2)t = _-_ , .'. Vol = A.t = 2S (i - R2) - S

wt--Q xVol--4"%SPD3 (l- R2) (Diffuser 0nly)

B. WT OF INLET SECTION

Dia of inlet section = D_l-I + 1.21R2 at entrance, for flow area to equal

line area. In practice, the flow area is reduced gradually upstream of the throat,

which allows the assumption: inlet-section average dia_l.2 x line dia.

Surface area of inlet section = 1.2_D (3RD) = II.3RD 2

P x 1.2D 6.8PD3R

t - 2S , Vol = A.t - S , wt = _ xVol

Wt = 6"8_ PRD3 (Inlet Section Only)

C. WT OF POPPET ASSEMBLY

AV poppet-assembly dia z I.ID T = I.IRD

Poppet-assembly length z 3DT = 3RD

Assume poppet-assembly compressive hoop stress = ½ the outer body tensile

hoop stress

Page i0
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P_ PDp
Vol = 7TDIt =VTI.IRD x 3RD x p\l.iRDl(_

S

Vol = II'4PR3D3s , Wt = _ x Vol Wt : ll.4s _PR3_3 (Cylinder Parts)

The ends of the poppet assembly are circular; therefore, their weight is

approximately

2
Ends: A = 2(1.5)_Dp,

11.4 RD2
Vol = A.t = V x

wt : @. Vol: 3'15s[__R2D3

Poppet-Assembly Wt = 16.6 _'R3D2-

11.4 R2D2
31T (1.1RD)2--V- =--Z-

P(I.IRD_ = 3.15PR2D 3
S S

(For R _.6) (Ends)

D,
TOTAL VALUE WT __.p_D3-s [4_6(__ ÷68_+_66_3_]

Where: Wt = ib = DT/D
R

= _terial, ib/in. 3 0.8

P = Proof Pressure, psi 0.6

D = Line ID, in. 0.5

S = Material Stress at P 0.4

R = Throat/Line dia Ratio 0.3

4.56(1 - R2) + 6.8R]+ 16.6R 3

14.51

i0.02

8.57

7.34

6.48

IV. BUTTERFLY-VALVE WT VS SIZE AND PRESSURE

A. The weight of a typical butterfly valve is approximated in terms of

llne size, valve proof pressure, and material properties. The equations for weight

will be derived for each part separately and summed to give the total valve weight.

The hlgh-pressure configuration, which was satisfactorily employed for Titan engines,

will beassumed typical for the purpose of providing an analytical model. This

typical configuration with proportional dimensions is shown on the following page.
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I
/.3D

_- 4d

D = a,',_e S;z.e_ ID

0 I= 5_aft, OD

B. ASSUMPTIONS AND CONDITIONS

i. The prime consideration for the selection of a butterfly valve

for a high-pressure application is it's characteristically short plumbing-space

(length) requirement and in-line configuration.

2. A straight-through one-piece shaft is desirable for purposes of

fabrication and assembly.
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3. For a high-pressure-application design, the shaft bearings are

the weakest members of the valve; their successful functioning depends on maintaining

a small allowable shaft deflection, which results in relatively low allowable

stresses in the shaft and bearings. The bearings are assumed to be uniformly loaded,

which is not actually the case because of the shaft deflection. The bearing-design

stress is, therefore, set lower than the maximum bearing stress the material can

withstand.

C. CALCULATIONS

l. Shaft Size and Weight

Shaft OD = d

Bearing ID = d

Bearing Length = d

Bearing Projected Area = d2 per Bearing

Assume a Bearing Stress of 15 ksi*

Bearing Load = Pressure Force on the Blade

= P x-_- (I.2D)2 = 4.5 PD2

4.5PD 2

Bearing Stress = _ = 15 ksi , d = .00614 D_

The length of shaft within the blade is best considered as part of the blade

in the weight calculation. The length of shaft external to the blade is approxi-

mately 5 times the shaft diameter. If the shaft is hollow (ID = i/2 0D) the

volume and weight are:

Vol = 3/4 _/4d 2 x 5d = 3d3 in.3

Shaft Wt (External of Blade) = 3[_d 3 because d = .00614 D J_

*Shaft deflection will reduce the effective bearing area 1/2 to 1/3 the total

area, which results in maximum bearing stress of 30 to 40 ksi.

Page 13
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"I

Sh_ft wt = 6.9 x 10 -7 L D 3 p3/2 I

2. Blade Size and Weight I

Assume: Blade OD = 1.2D I

Blade - Stress Calculation: I

? !

tt ,,l,,t_,, ' ' I
i_ p

R

Approximate Stress on Section (t wide)

The moment about the shaft center llne is R x a, where:

R + P (I.2D) 2 = .57PD 2 (Resultant Pressure Force on
1/2 of Blade)

2
:- (I.2D) = .25D
3

Moment R.a = .57PD 2 x .25D = .14PD _-

Thismoment must be balanced by the moment (approximate):

d _S(1.2dt) __ Hence, .14PD 3 = ds(1.2dt), where d = .006 D V_

q D___t = 3.5 x l0w
S

I
I
I
I

I
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Because the irregular shape of the blade would result in a

lengthy formula for the volume and weight, the blade will be assumed to

approximate a disc of diameter 1.2D and a thickness of t + 2/3d,

__ DVol _ (1.2D) 2 x (t + 2/3d) : 1.1D 2 (3.5 x l03 _ + .002 D_f_)

Vol _- l.lO3 (3.5 x !03--- S + .004_)

I
103

D3 3.5
IBlade wt = i.i_ (

X

i S

3. Body Size and Weight

From the sketch giving the assumed proportional dimensions, the

average body ID is 1.25D, length = 4d. Assuming a bearing OD of 1.25d, the body

wall thickness in terms of the allowable hoop stress is:

S = P x 4d x 1.2_D PD (t = Body Wall Thickness)
2t (4-1.25)d = .91 _-

t = Vol = (1.5)_(1.25D + t)4dt, because d = .00614 D!_
S

t : .91 PD
S

Vol = .105
S

(1.25 + 0.91 P/S)

p3/2
D3 I

Bodywt: .io5_ Ix (1.25 + 0.91 P/S)
I

_Factor to account for bearing bosses and seal components

(derived from Titan valve body).

Page 15



Report 5329-F, Appendix C

4. Total Valve Weight

The total valve weight without an actuator is composed of the

sum of the weights of the shaft, blade, and body, which is:

Total Valve wt =

whe re:

Total wt =

[6.9 x i0-7 _D3 P3/I [i.i _D3 (3"5 xI03S

[ ]+ .o62 _ p3/2 D3g (1.25 + 1.07 P/S)

p3/2

(i 25 + P/S)]+ .105 S

_ Material Density, ib/in. 3

D = Line Size, ID

P = Proof Pressure, psi

S = Material Stress, psi (at P)

V _ BALL VALVE WEIGHT VS SIZE AND PRESSURE AND MATERIAL

Reference Ball-valve* Dimensions: Port dia = 2-1/2 in.

Ball dis = 5.25 in. Shaft dia = 3 in.

Proof Pressure = 5000 psi

To determine an equation for the weight of a ball valve in terms of port

size and proof pressure, the relationship between principal dimensions will be

determined parametrically as required by strength considerations. The coefficient

to these relationships will be chosen to make them correlate to the reference

valve described above, and to a zero pressure valve in which dimensions are

specified by geometrical considerations only.

*Consolidated Controls Corp., PN II3W65A.
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I Ball and Shaft Configuration

I ;J_J, ......,

I
Load on Bearings = .785 PD /2 = R = .393D 2.P

I approximate maximum bending moment (at _ ) = R-DB/2

I The strength of the ball at the_' depends on D and DB as follows:

!

I

I

Bell Sectional View
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I

Section modulus _ .098 DB3 - _ DB D 2 (through ball_) I

The exact section modulus can be determined by the following equation: I

F__I+_s_n_0_os0_ __n_°1 _ I

c DB/2

cos0=_ _ = ARCoos_ I

_o_n__tross_ _ I

_ ,_,_/_J_/ I
.1DB_ - .16D BD

M_ .47 D2p x DB/2 .23 I

2.3 P
SB

DB2 - 1.6

D2

+ 1.6
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If we take SB = 20,000 psi P = 5000psi

2.3 x 5000 ..........
DB = D_ 20,000 + 16 = D _,.575 + 1.6 = D_/2.175 = 1.47 D

[

I

I

This is lower than the 1.7 value required for seals; therefore, the bail

size in this case is determined by the space requirements for the seals. The

bending stress, SB, for theball must be set sufficiently low that little

deflection of the ball will take place.

Assume DB = 1.8 D, P = 5000 psi

SB = 2.3 x 5000 11500 = 11500 = 7000 psi
1.82 - 1.6 3.24 - 1.6 1.64

I. WeiGht of Bail

(conservative value).

I

I 7

I

.

_11wt =-g DB3- .85D Bw D2,

_ D 2 =
= _ 1.83 D3 .85 x 1.8 D_

1.84 D3_B

wB : 3.o4D3 - 1.2D31_ :
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Shaft Size t d

R = .47 PD 2 (pressure-force load) S = 20,O00-psl bearing stress

pD 2
d = \,.47 4.35 x IO'3D P

20,000 = for bearings with length =

= dis. = d

Shaft weight : d 2 d3xdx_ : _ x

W S = 3.42 x 10 -3 _ D "17__
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Ball-Valve Housing Envelope
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Body WeiGht

PD

t 1 = _2S

(See ball-valve housing-envelope sketch.)

P DB 1.8PD

t2 2S = 2S

Volume: (approximately) = Vol (body sphere - openings + inlet

cylinders)

1.2YYD B . t2 DB 2 _ D2. - xt2+

2 _(D + tl) tI x D

= 12.2 D2t2 - 1.57 D2t2 + 2 _(D + tl) tlD

1.57 (DB + t2) 2d

IIPD 3 1.41 PD 3 3.14 PD 3

S S S

+

Vol : (12.7 + 1.57P) pD3s in'3

P
(i + _)

Weight of body

p _BPD3
wB = (12.7 + 1.57 g) s

Total Weight of Valve = W B + WS + W B

wv_ _84 e__3÷3.4_x_0-3e_

P _D PD 3
+ (12.7 + 1.57 _) B -_-

Neglecting the second term and simplifying the last term

7P
Approx WV = 1.84 ? D 3 (i +--_) ib
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ANGLE SLEEVE VALVE--WEIGHT AS A FUNCTION OF SIZE, PRESSURE, AND MATERIAL

Assuming the following model for weight analysis, the weight of the various

valve parts will be determined individually according to stress considerations, and

combined to give the total valve weight.

Part I

d = I.ID,
ave

length = i = 2.5D

t = thickness = PD
2--_-'(assume reinforcement in part area cancels

the volume of the metal removed to make

the part)

PD 4.4 PD 3

Volume of material = )_ dlt = _r x I.ID x 2.5D x 2-_ = S

4.4 Po 3(_
Weight = volume x density = S
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Part II
,.T

= .gD,z =2D, t = P(.?D)
dav e 2 S

Volume =_d i t = -9_D x 2D x

2.6PD3_
Weight - S

o9PD

2S

2.6 PD 3

S

Part ill

Area = --_TD2, t = t (body-
PD

2S

3
Volume = 1.6 PD Weight

S'

i. 6PD3_

- S

Part iV

Average torus flow area =

Approximate surface area =

Approximate average thickness

7.6PD 3

Volume - S , Weight

.785 D2 x N3/8 = .29 D2

1.2D (7/8)x Tg(1.T_D)=

_ l._ PD (1.5)* =
2S

7.6PD3_

5.802

S

(torus collector)

Transition section to round exit section:

D

Volume -

D, i = .5D (approximate) average t -

i x PD 3 - "79PD3' Weight - I x pD3.@
S S" S

PD (l.25)- .6_
2S S

*Factor to allow for the stress concentration at point of attachment.
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I

l
I

l

I
I
I

I
I
I

I
I

I

I
I

l

Part V

Surface Area = 7_D 2

.8 PO3
Volume - =

S

Total Valve Weight:

Sum of part weights =

Total Vaive_ Weight

(Approximate), t = ll) x

.8PD 3,_'
Weight -

S

PD PD
2s - 4s

(4.4 + 2.6 + 1.6 + 7.6 + 1.0 + .8)

18 PD3 ,@.

S
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I. PRESSURE DROP

l The pu_ose of app_ing venturi inlet and outlet sections to wives is to

pe_it the use of a valve that is considerab_ s_ller than line size. The general

l benefits incurred in using a s_ller valve.are: S_ller static-pressure forces;

hence_ less deflection, bearing l_d, etc., less cost for the valve; and probablyless valve wei_t if venturi sections are consi_red put of the line.

l Disadvantages associated with using this system are: longer required
and greateri in-line len_h pressure loss due to increased flow velocity throu_ the

valve.

I
General layout

I

I '

Note : The inlet and outlet cone angles are maximum for minimum loss :Vennard-Fluid

Mechanics_ p. 297.
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Let KV = Valve kinetic loss factor, i.e.,

• 2g 144 p--_

From the above equation it may be seen that the pressure loss through a

valve is inversely proportional to the diameter to the 4th power. Then, if

DV = 1/2DL, the pressure loss will be 24 = 16 times the pressure loss of a line-

size similar valve.

It is, therefore, required that a low-loss-type val_e be employed in this

application, such as a ball, in-line sleeve, or poppet-type valve (where KV<.5).

The pressure loss due to changing the velocity through the venturi sections
3.64_ 2

is.,_v, = Kv' . --q[--- ) where KV, is the kinetic loss factor for the venturi

_Dvsections.

For an exit (diffuser) a 7 °section wit_ included angle, the value of

_,_-o.o__/_. _/_>_: .o_[_-_,_>"]
For an inlet section with a 20 ° included angle, the pressure loss is:

KV,,s.64_,2

Where KV,, = .02*

Total loss (inlet, valve, outlet):

_-_P-- (iv,,-_ KV+ KV,) 3.6_Q where: KV,, = .02

KV = Valve loss factor
4

0_l__(_ ]KV ' _L J

* "Vennard" Fluid Mechanics, p. 215.
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Total pressure loss

_PL = (Kv" + KV + KV') 3"64w2 -- _ 02 + KV + .08 - 3"64w2

Let

_Y.,,p_- Eo_+_, + .08- -_(_-,,4)I
3.64@ 2

L _ " lODe- '

i 3.64_,2 ,

[

.o_+.o_(_-_)+_:

Where:_p= Pressure loss of inlet, valve, and diffuser combined

R = Dv/D L = < I

KV = Valve Kinetic Energy Loss Coefficients

= Fluid flow, ib/sec

p = Fluid density, ib/ft 3

DL = Line size, ID, in.
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IAZLET",SECTIO,V (;,'yp)

..4

c3

.,_ L I ____._l__ Lv

L oA

ouTl.rT 5ECT,O_,(T>'p)

i

L D

Notation:

As sume :

Dr=
LI =

L V =

LD =

Line size_ ID

Valve inlet and outlet, ID

Venturi-inlet section length

Valve length

Venturi-diffflser section length

Inlet section included angle = 20° _ required for minimum loss

Diffuser section included angle = 7 ° )

R = Dv/D L = Diameter ratio

Expressing LI and LD in terms of DL , (_I = 20°' _D = 7°) and R

l: l-R) 1 l-R)
_DL( _DL(

LI = i = 2.84 DL (I-R) , L_ = i ' 8'2DL(I'R)

tan _ 8, tan _0 D

Overall length = LI + LV + LD

LOA --ll.O_DL (I-R)+ Lv
= Overall length
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Assume that the wall thickness of the venturi sections is constant from

inlet to outlet. Although hoop-stress considerations would allow a thinner wall

at the throat, bending stress and axial loads will tend to off set the decrease

in hoop stress in this region.

Required wall thickness, based on hoop stress at maximum diameter:

t _ ""

2S '
t : = Wall thickness, in.

DL = Line ID, in.

P = Proof pressure, psi

S = Design stress at P, psi (hoop stress)

Assuming mean diameter _ ID + t_ID x 1.04

Vol - 1.204_t (DL + DV )(LI + LD )

Letting R = Dv/D L = dia ratio, where DV = RD L

Ll+L D

PD L PD 2 _-_"_

Vol = 1.63,(_) DL (I+R) (LI+L D) = .815--_--(I+R) (IIo04DL)(I-R)

9PDL3
Vol = V (I'R2) in'3 (if DL is in in., P and S are in psi)

WT =_ x Vol

WT =

where _ = Material Density, ib/in. 3

PDL3s (I'R2) I WT = Inlet and Diffuser - Section Wt

Not including Valve Wt.

_m = Material Density, ib/in_

P = Proof Pressure, psi

DL = Line ID

S = Material Hoop Stress at P, psi

R = Ratio of Valve Dia/Line ID
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Io THRUST-VECTOR-CONTROL REQUIREMENT

The maximum desired lateral (side) thrust required of the AJ-1 thrust-vector-

control (TVC) system for heavy steering is lO_* of the axial thrust. With proper

design and placement of the inJectant nozzle, a lateral amplification of 2.5 may

be assumed. That is:

Lateral thrust

Axial thrust =2.5x
Lateral flowrate

Axial flowrate

The required TVC flowrate to produce 10% side thrust is

• 1 .

WTVC : *axial x 0.i x 2.---_: 0.04 Waxia I

For this engine, *axial = 15,650 Ib/sec

WTVC = 0.04 x 15,650 = 628 ib/sec

II. TVC SYSTEM

The proposed system functions by bleeding hot gas at approximately 1900°R

from the primary combustor to four control valves (one for each quadrant). From

the control valves, the gas flows to distribution manifolds that supply five

injectant nozzles per quadrant. The following analysis is to determine the size

of the control valves and injectant nozzles necessary to meet the system requirements.

III. ASSUMPTIONS USED FOR SIZE CAlCUlATIONS

The total engine propellant flow rate is 15,650 ib/sec.

@f = 2240 ib/sec @ = 13,410 ib/sec' O

* Assumed value.
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The TVCmaximumflow rate is 4%of the total flow rate:

0.04 x 15,640 z 628 lb/sec.

Mixture ratio of TVCgas = 0.915

The flow rate for the TVCsystem is as follows:

_f 628 328 ib/sec, @ _ 628 - 328 = 300 lb/sec
-- iogl 5 m O

A. GAS COMPOSITION

Reaction: H2 + 1/2 02 _ H20

By molecular weights: 2H 2 + 1/2(32)02 = 18H20 or IH 2 + 802 = 9H20

Because the actual mixture ratio is very fuel rich, only part of the fuel

will be burned. The combustion products are a mixture of water vapor and GH 2 in the

following proportion:

Weight of H2 reacted = 1/8 (weight 02) = 1/8(300 ib/sec) = 37.5 ib/sec

Weight of unburned H_ - 328 - 37.5 = 290.5 ib/sec
-

of product (H20) = 300 + 37_5 = 337.5 ib/secWeight

B. DENSITIES

P

P = 3570 psi = 5.15 x 105 ib/ft 2, T z 1850°R *

RH20 = 85.8,

* Assumed conditions at exit from primary combustor.
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. 5.15 x io5
_H 2 773 x 1850 m 0.36 lb/ft 3

5.15 x lO5

_ H20 = 85.8 x 1850 - 3.24 lb/ft 3

C. VOLUME FLOW RATES

• Wf

vGH2 - _ f - 290.5 lb/sec 805 ft3/sec GH 2
0.36 ib/sec 3 :

WH20 337.5 ib/sec 104 ft3/sec

VH20-_H20- 324 lb/ft 2

Do OTHER CONDITIONS

Total Volume Flow Rate =_, V : 805 + 104 : 909 ft3/sec

W 628 lb/sec
Density of gas : _ =

V 909 ft3/sec

= 0.690 ib/ft 3 (static supply)

Speciflc-heat ratio = Cp/C v : 1.35"

K

Critical-pressure ratio = (_l)K'I : (0.85) 3.86 = 0.534

Sonic Velocity (supply conditions) : KgP/_

P : 3570 x 144 : 5.15xi05 ib/ft 2,

P 5.15 x 105 PSF 400
- T - 0.69 x 1850°R -Rcomb Cc

= 0.69 ib/ft 3

* Data from engine analysis.
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PRIMA R Y

COM B U5 "FOR

©
LINE

DIS TRIBU T/ON

M#tNtFOL D }

®

IV. CONDITIONS FOR MAXIMUM FLOW

Condition i (Static Conditions in Primary Combustor)

PI : 3570 psia (static pressure)

TI = 1900°R

Condition 2 (At Control-Valve Inlet)

P2 = 3500 psia (total, assuming 70-psi line loss)

T 2 = 1850°R (total temperature assuming 50 ° drop due to line heat loss)

Condition 3 (At lnjectant-Nozzle Manifold)

For sonic flow through the control valve:

P3/P2 = 0.534, P3 = 0.534 P2 : 1870 psi (static pressure)

K.I

T 3 = T I (PB/PI)--K- = 1900 (1870/3470) 0.26 = 1610°R
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Condition 4 (Downstream from Injectant Nozzles)

P4 = Pc at inJectant nozzle . 50 psia

K-I

T4 (inJectant stream) -T 3 (P4/P3)'_ _- 1610(50/1870) 0"26 = 630°R

V. SIZE OF SONIC INJECTANT-NOZZLE T}LROAT

AT - JgK I2 IK1
P -v _-_kn-flk-cfexp

Where:

= ib/sec

T = upstream temperature, °R

P . upstream pressure, ib/ft2(absolute)

g = 32.2 ft/sec 2

K = 1.35

R = 400

AT __ 5.25 _ TP

Maximum flow conditions:

* = 628 ib/sec for 5 nozzles = 126 ib/sec/nozzle

T 3 = 1610°R

P3 = 1870 psia = 2.7 x 105 ib/ft 2

AT -

5.23 x 126 x _ 0.0978 ft2 = 14.1 in.2

2.7 x 105

Throat diameter = 4.25 in.
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VI. MINIMUM FLOW CONDITION (MACK 1 THROAT)

P = P4/0.534 : 50/0.534 : 94 psia = 1.35 x 104 ib/ft 2
3

K-I O. 26

T3 = T2 (P3/P2) --_ = 1850 (94/3500) = 720°R

A = 0.098 ft 2 (calculated above)

AP o.o98 x 1._ x lO4
_

min 5.23 T 5.23 720
= 9.45 ib/sec/nozzle

x 5 : 71.5 ib/sec

Maximum/Minimum sonic flow ratio = 126/9.45 = 13.3:1"

VII. SIZE OF TVC MODULATING VALVE

: 628 ib/sec
max

Upstream conditions:

Total Pressure : 3500 psia : P2

Total Temperature = 1850°R = T2

Downstream conditions:

Static Pressure = 1870 psia = P3

Static Temperature = 1610°R = T 3

Required Flow Area:

A - p_ _

Where: _ : 628 ib/sec

T2 : 1850

P2 = 3500 psia = 5.04xi04 Ib/ft 2

K = 1.35

R = 400 (for mixture)

* Not to be confused with max/min side-thrust ratio.
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A __

628 = 0.282 ft 2 = 40.5 in. 2 flow area

Required diameter (equivalent covergent-nozzle diameter):

4o.I_
- _.785 = 7.2 in. dia ,i

NOZZLE FOR MACH 2 INJECTION

Upstream conditions:

P = P3 = 1870 psia

T = T3 = 1610°R

Downstream condition:

P = P4 = 50 psia

T4 = T3 (P4/P3)0'26 = 700°R (inJectant)

Vsonic_ 4 :_1.35 x 32.2 x 400 x 700 = 3500 ft/sec, Mach 2, V:7000 ft/sec

P 50 x 144
@4 = R-_: 4O0 xTO0 - 0.027lb/ft3

Assuming CD = i.
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126 = 0.67 ft 2
A - V -
e _ e e

2
= 96.5 in.

Nozzle exit diameter = ii.i in.

PR IMA t_ Y

C O ffI_U S TorO

©
L IAIE

od

L_

..._1

>

,,2,

_._ _ ,
_ N a
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I. IN LINE AND ANGLE SLEEVE VALVE

The seal configuration of these valves is as follows:

I
\

SEAL DETAIL

In conventional seals (i.e., omni, bal, O-ring, lip seals) the seal is forced

into contact with the sliding surface by the pressure acting on the area w x 7/D.

The seal drag is the product of this radial force times the seal-to-bore coefficient

of friction. The friction force is therefore a function of the following variables:

le

2.

3.

4.

5.

P across the seal

seal (bore) dia = D

seal width = w

coefficient of friction =

seal installed load (maybe defined as drag at zero pressure)
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An expression for seal drag force in terms of size, D, and pressure_ _P,

maYbe derived by assuming:

I_t w = function of D ,_-:.04Dfor 4 in. <D ( 36 in. (approximate range)

AssumelJ = .04 (approximate/[ of Teflon)

Drag Force = F D = P x W,_D x IL = .00503 PD 2

where: F D = axial drag force, ib, due to one seal

P = _ P across seal_ psi

D = seal dia L line size (ID) in.

Because the sleeve valves have 2 seals,

F D = FI + .011 PD2 for 2 Teflon seals_ width

where: F D =

P =

D =

F I =

axial seal drag, ib

seal ', P, psi

seal _.line dia, in.

installed seal drag_ no ,.p

= .04D

It may be noted that the drag force may be reduced by decreasing the seal _P

during actuation. This requires porting pressure to the low-pressure side of the

seals Just prior to actuation_ i.e.,

/i .f
, ,i̧

/
J

i

_ILTunrlO_ p_ _'_ _Ug_
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II. BUTTERFLY VALVE

The required actuator torque for a butterfly valve is a function of the

following three variables:

i.

2.

3.

seal friction

bearing friction

dynamic flow force on the butterfly blade

Assuming:

blade dia = DB = 1.2 D

seal width = .04 D = w

seal coefficient of friction =_ = .04 (Teflon)

bearing load = 20 ksi

bearing area = 2d 2, d = shaft dla

bearing coefficient of friction = .04 (Teflon composite)

SEAL FRICTION

Area "seeing" pressure is: A = _ DBW = .04 7]_' 1.2 D2 = .15 D2

Friction torque due to i seal = PA • 1/2 DB ._ = .0036 PD 3 in.-ib

Friction torque due to bearings:

For bearing stress = 20 ksi, 20 ksi x 2 d2

d =_2.8 x i0-5 PD 2 = •0053 D _

Bearing force = _/4 P (1.2 D)2 = 1.13 PD 2

Bearing torque = force x d/2 x

=12 x 10 -5 p3/2 D3 in.-ib

= 1.13 PD 2 x .0026 D _ x
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Torque due to dynamic flow forces:

Ref: "Control Valves by C. S. Beard",p. 39, 40

Torque = T = GAPD_ , because DB = 1.2 D, T = 1.73 GZIPD 3

From p. 39 of the Ref, Tma x for a lO-in, valve at i psi = 320 in.-ib

hence, G = T _ 320 = 0.32

_pD 3 i000

Although this value of G is for a particular shape of butterfly blade, and varies

with blade design_ it may be assumed that high-pressure valves (having thicker

blades) will not have higher torque values than this value assumed to be designed

for less than i000 psi (and, therefore, has a relatively thin blade). Using this

value of G for an approximation of dynamic flow torque will undoubtedly yield torque

values higher than would be attained in a high-pressure_ thick-bladed valve speci-

fically designed to minimize this torque. Therefore,

T _ .32 x _PD 3 in.-ib = .32 D3_p (due to flow forces)

Because the torque is proportional to the valve Z_P_ it will depend on the system

flow characteristics and rate of opening; this maximum torque occurs when the valve

is 80_ open and is zero when the valve is full open or full closed.

The total torque required (for the actuator)_ therefore, varies with valve

position and reaches a maximum at 80_ open (if the dynamic flow torque exceeds

static seal plus bearing torque_ as it usually does).
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The required actuator torque at various stages of opening are:

I 0% open (break-away torque) = seal + bearing torque =
'0036 PD 3 + 12 x l0 -5 p3/2 D3 = .0036 PD3 (1 + .03 _)

I 80% open, total torque = bearing + dynamic flow torque (on opening) =

I 12 x 10.5 Ap 3/2 03 + .3203 AP,

assuming that the downstream volume is sufficiently large that the valve _P is

equal to the upstream pressure during opening (i.e., zero downstream pressure during

opening) _P_,P, therefore torque at 80_ open_-12 x lO -5 p3/2 D3 + .32 PD 3.

I
I

I
I

Torque _.32 PD3 (approximation) if _P_P
upstream

It must be noted that if the downstream pressure is significant during valve

opening, the dynamic and bearing torque will be less than the value given in the

above formula; the torque must be calculated using the equation:

Torque _ .32 D3_P (max at 80% open)

I
I

I
I

Sample calculation Assume D = l0 in. System pressure P = 1000 psi

Initial breakaway torque = .0036 x lO00 x l03 (1 + .03 l_-_) = 7000 in.-lb

Bearing torque alone = 12 x lO "5 x 10003/2 =x lO 3 3800 in.-lb.

Dynamic torque = .32 x l03 x _P = 320_P in.-lb = 26.7AP ft-lb

For values of this size and_P, the blade should be shaped to reduce this torque,

which tends to close the valve.
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ili. BALL VALVE

Assume: Seal did = DS _ D (can be closely approximated)

_11did = DB = /2°P_T +_.6

Shaft did = d

Bearing area = 2d 2

Bearing and seal coefficient of friction

Bearing stress = 20 ksi

= .04 (Teflon)

Shaft size:

2

P x _D S
= 2d 2 x 20 ksi_ d = 4.43 x 10 -3 D_- (for 20 ksi brg.

stress)

BEARING FRICTION TORQUE

Bearing load =

Bearing torque

Torque

_/4 D2 • P = .785 PD 2

= load x radius x_ = .785 PD 2 x 2.21 x 10 -3 DV_--x .04

= 7 x 10 -5 p3/2 D 3 in.-ib (due to bearing friction)

SEAL FRICTION TORQUE

Seal area that "sees" pressure = _D x w_ D = line size_ w = seal width.

Assume seal width = .04 D, Area = A S = .04_D 2 = .126 D2 in.2 Pressure force on

seal = P;A S = .126 PD 2

Seal friction torque = force x 1/2 D xp= .126 PD 2 x D/2 x .04 in.-ib

Torque = 2.5 x 10 -3 PD 3 in.-ib (due to seal friction)
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Total friction torque = 2.5 x 10 -3 pD 3 (i + .03 _-_ ) in.-ib due to seal and

bearing friction (Teflon bearings, and seals _ = .04).

where: P = static _P, psi

D = line = ball port dia, in.
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A simplified analysis was performed to establish the effect of allowable

stress and elastic modulus on the flexibility of a continuous (unjointed) line.

The analyzed line takes the form of a simple, horizontal cantilever beam loaded

at the end by a force, F, producing a vertical deflection, A . In the initial

analysis, the effect of pressure is considered only as the factor that determines

wall thickness for a given, allowable hoop stress.

Pr
t -

S

where: t = wall thickness, in.

P = internal pressure, psi

r = mean radius, in.

S = allowable hoop stress, psi

Other pressure effects, such as the axial force resulting from the pressure,

are neglected. It is assumed that the structure retains a circular cross section

when deflected. Flexibility (f), in this instance, is defined as the deflection

per unit length,

f = L_, dimensionless (Eq i)

where A = vertical deflection at tip, in.

F = vertical force, ib
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L = Length of cantilever, in.

The expression of the end deflection of a simple cantilever beamloaded

at the end is

1 FL3 (Eq2)
/k - 3El

where:

E = Young's Modulus or modulus of elasticity, psi

4
I = moment of inertia_ in.

The moment of inertia (I) may be expressed in terms of line internal

radius and wall thickness

I = _rBt (Eq 3)

Assuming wall thickness to be dictated by the allowable hoop stress(s)

t - Pr (Eq 4)
S

SubstitUting Equation 4 in Equation 3 yields

I - _r4P (Eq 5)
S

Substituting Equation 5 in Equation 2 yields

I FL3S 4
- 3_P r-E

(Eq6)
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Finally substituting Equation 6 in Equation i yields

- L- 3_P (Eq 7)

Expressed in terms of line diameter

where d = 2r = mean diameter

Considering k I to represent a numerical constant, which is a function

of the particular beam configuration, Equation 8 may be expressed

IbSts)f :- (Eq 9)
P

From this simplified study, a performance factor, PF, was derived to

relate the flexibility and weight properties of a material to the geometric

and pressure requirements of a specific application. This performance factor

is derived as follows:

PF :fW_T, (EqiO)

where PF = performance factor

W = weight, ib

Because the weight of the line is a function of material density and

the volume of the line itself:

W = _TdtL _ = 2 _rtL (Eqii)

where _ : density, ib/in 2.
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Again expressing wall thickness in terms of allowable hoop stress by

substituting Equation 4 in Equation ii

w - 2Wr2 PTe (Eq 12)
S

Substituting Equations i and 12 in Equation i0 yields

PF --6w 22, (Eq 13)

or

PF - 2

Where k 2 is a numerical constant based on the particular beam

configuration.

Inspection of Equations 9 and 14 shows the dependence of flexibility

(f) and performance factor (PF) on pressure, the geometric parameters (L and d),

and the material properties (S, E, andS).

The results may be summarized by saying that flexibility is proportional

to allowable hoop tensile stress over longitudinal elastic modulus

S

E

and flexibility per unit weight (performance factor) is proportional to the

square of allowable stress over density and elastic modulus

pF._ S2

_.
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Further study is indicated to determine reasonable practical limits for

maximum S/E ratios. Obvious disadvantages of a line that is too flexible are

excessive changes in volume with pressure or the inability of the line to maintain

structural integrity under loads applied externally. When only pressure is

considered, the allowable stress needs to be approximately one half that of the

hoop stress.
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I. INTRODUCTION

This appendix presents a specific application of the heat exchanger design

methods, which were examined parametrically in Section IX, B. The end result

of this analysis is the heat exchanger weight. However, other considerations,

such as cost and reliability, must also be examined before the optimum heat exchanger

system can be selected. Therefore, no attempt has been made to optimize heat

exchanger weight. This example does demonstrate that no major technical problems

exist in the design of pressurant heat exchangers for large, high-pressure engines.

Although the parametric analysis can be utilized, the calculation procedure will

be repeated for completeness.

The AJ-1 engine system is generally representative of the majority of engines

considered in this program; therefore, it was selected for the specific heat ex-

changer design. The heat exchanger location was selected at the turbine exhaust

position because of geometry limitations of the AJ-1. The heat exchanger unit

consists of two sections in series; one for heating hydrogen and one for heating

oxygen.

Nomenclature is tabulated at the end of this appendix.

II. DISCUSSION

A. INPUT DATA

The following input data for the analysis correspond to the AJ-1 engine

characteristics (Table IX-B-l) and reflect the parameter solution criteria estab-

lished for the parametric analysis discussed in Section IX, B.
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Hydrogen

Mass rate of flow (wl) 5.5

Pressure (P1) 4100

Allowable pressure loss (_PI) _qJ400

Inlet temperature (Tin ? 40

Exit temperature (Tex I) 560

Bulk Properties:

Density(pl) 2.1

Specific heat at constant pressure (cpl) 4.2

Thermal Conductivity (kl) 0.102

Viscosity _l )

Prandtl number (Pr l)

Oxygen

Mass rate of flow (wI)

Pressure (PI)

Allowable pressure loss (_PI)

Inlet temperature (Tin I)

Exit temperature (Texl)

Bulk Properties:

Density (£i)

Specific heat at constant pressure (cpl)

Thermal conductivity (kl)

ViScosity (_i)

Viscosity at tube wall temperature of

700°R (_s)

Prandtl number (Pr I)

o.5o5 x io -5

o .7486

Page 2

16.5

41oo

N40o

17o

96o

22.48

o.355

o.o275

2.05 x 10-5

2.10 x 10 -5

0.9530

ib/sec

psia

psia

oR

oR

ib/ft3

Btu/lb-°R

Btu/hr-ft-°R

lb/ft-sec

ib/see

psia

psia

oR

oR

ib/ft 3

Btu/ib-°R

Btu/hr-ft_R

ib/ft-sec

ib/ft-sec

|
I
L

I
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Hot Gas

Mass rate of flow (Wg)

Pressure (Pg)

Allowable pressure loss (_ Pg)

Inlet temperature (Tin)
g

FiLm Properties :

Density (pg)

Specific heat at constant pressure (Cpg)

Thermal conductivity (kg)

Viscosity _g)

Prandtl number (Prg)

Tube

Material

Factor of safety (FS); engine design of 2.0
and tube bend of 1.335

Inside diameter (di)

Material Properties:

Density (_w)

Thermal conductivity (kw)

Yield strength at 0.2% offset (6y)

Modulus of elasticity (E)

Thermal expansion coefficient (O_)

Absolute roughness of surface (E)

Page 3

5oo

362o

45

1800

o.7664

1.9385

0.2393

1.837 x io "5

o.5363

Inconel 718

0.29

ii0

164,000

23.5 x i06

8.4 x i0 "6

O.OOOOO5

lb/sec

psia

psla

oR

ib/ft 3

Btu/Ib-°R

Btu/hr-ft-°R

ib/ft-sec

in.

ib/ft 3

Btu-ino/hr-ft2_(R

ib/in. 2

Ib/in. 2

in./in.

in.
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Bo HEAT EXCHANGER OPTIMIZATION

The interrelationships existing between the numerous factors_ including

pressurant velocities, hot gas velocities_ pressure losses, etco, require a series

of iterative steps to establish a complete set of design data.

To minimize the number of "trial-and-error" calculations required to

optimize this design, an analysis was made of all variable factors to determine

those least influenced by variations in fluid velocities and tube arrangements.

The pressurant and hot gas friction factors are two such factors that are not signi-

ficantly affected by these two variations.

The pressurant friction factor can be represented by

and fo is essentially constant at a value of Oo015 for the high Reynolds numbers
1

experienced for both hydrogen and oxygen°

i)*

The hot gas friction factor (fo) which was determined by extrapolating

data presented im Kays and London** is also essentially constant, but at a value

of o.o5°

Since the heat exchanger weight is only one of the factors to be con-

sidered in an optimization process, emphasis was also placed on design simplicity

and ease of fabrication, which is reflected in cost savings. These considerations

are best satisfied by:

(i)

(2)

Equal length of tubes per bank°

Integral number of tubes.

*H. Ito, "Friction Factors for Turbulent Flow in Curve Pipes/' ASME Paper No. 58--

SA-14, 21 February 1958 (Unclassified).

**Wo M° Kays and A. L. London, Compact Heat Exchangers_ The National Press, Palo Alto,

Calif., 1955.
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(3) Constant tube diameter and wall thickness.

(4) Same shell diameter for both hydrogen and oxygen sections.

The hot gas exit temperature from the heat exchanger can be calculated from

a heat balance of the system that results in the following equations and solutions:

Hydrogen

: (AT)1 (Eq2)Q1 3.6 x lO3 w1 cpl

: (3.6x lO3)(_.5)(4.2)(%o- 4o)

43.24 x 105 Btu/hr

Oxygen

Q1 = (3.6 x 103)(16.5)(0.355)(960 - 170)

= 16.66 x lO 6 Btu/hr

Therefore, the total quantity of heat transferred from the hot gas is

Q1 = (43.24 + 16.66) x l06

= 59.9 x lO6 Btu/hr
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The hot gas was selected to pass through the hydrogen section and then the

oxygen section of the heat exchanger. Thus the hot gas exit temperature for each

section is:

Hydrogen

QI

= Tin - (Eq 3)
Texg g 3.6 x 103 w c

g Pg

= 1800 -
43.24 x 106

(3.6 x 103)(50o)(1.9385)

= 1787.6°R

Oxygen

T : 1787.6 -
ex

g

16.66 x I06

(3.6 x 103)(500)(1.9385)

= 1782.8°R

The remaining inlet and exit temperatures are known. Therefore; the log mean tem-

perature (used for surface area calculations) of each section can be calculated.

Hydrogen

(Tex - Tinl ) - (Tin - Tex I)
_D : g g _ (_,q4)

in _ TexlTing

(1787.6 - 40) - (1800 - 560)

in F1787"6 - 40 U
[ [8oo- 56oj

= 1483.3°R
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Oxygen

LMTD =
(1782.8 - 170) - (1787.6 - 960)

r1782.8 . 17o-]
in k17U7.6 - 960J

= I176.7°R

The minimum tube wall thickness and resulting outside tube diameter are

represented by

where

do = d. +2 7-
l

FS P1 d.

Therefore do = 0.50 + 2
(2.67)(41o0)(0.50)I(2)(164,o0o)

0.50 + 2 (0.0167)

(Eq 5)

= o.533 in.

Sufficient information is known to solve directly the heat balance and

124TD equations. The remaining relationships necessary to establish the weight,

however, must be solved in an iterative manner. The average heat transfer coeffi-

cients of the fluids are evaluated as follows:

Hydrogen

hI

0.8 0.4 0.34

Eel= 0.023 12 d. R r (Eq 6)

l b b L wJ b

l(_,(o_o,LU_:_x_o_) _ Lo_J
= 0.674 (VI) 0.8
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Oxygen

hI

k1

= 0.027 12 d.
1

(0.027)(0.0275)
= (12)(O.50)

: o.65 (Vl)°'8

[R I0"8e IP iII/3r
b b

[(22.48)(o.5o)vl-]0.8

__.o_x_o_

0.14

0.9530]

1/3

(Eq 7)

Hot Gas

[ o.oo I-= 0.0348 g R P (Eq 8)
hg 12 do f f

oo o ov OO[oi
o.8o5

The overall heat transfer coefficient combines the fluid heat transfer resis-

tances with the tube wall resistance. This relationship based on the inside surface

of the tube can be represented by

i
= (Eq 9)

u R1 + Rw + Rg

where R I = 1/h I

R
w

1_4 _i in (do/di)
2 k

W

Rg : (di/%)-Z__
hg

Page 8
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Hydrogen

(1.484Vl"°'6)

1

+ [(1441(.0 . 501ln (0.533/0.50)] +

[ (2)(ZlO) j o.5o .6o5_0.533)(0.462)Vg 0

1

+ (21.47 x 10 -3 ) + (2.03 V -0.605)
g

Oxygen

U

1

(0.50)in (0.533/0.50)7

(2) (llO) ]

+

0.50 j(0.533) (0.462)Vg 0"605

(1.539V1 "0"6)

1

(21.47 x 10 -3) + (2.03 V -0.605)
g

The relationship of the fluid velocities and surface area requirements becomes

Hydrogen

A
S

Q1

LMTD U

43.24 x 106

1463.3

-0.8
= (4.326 VI

(Eq i0)

E o.484 VI + 21.47 x 10 -3 + 2.03 Vg

+ 0.06259 + 5.918 V -0.805) x 104
g
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A
s16.66x1061176.7EI' 39V-0"8 21" TxlO'3 2"O3V'0"80 l

-o.8 -0.8o5) x lo4
: (2.179 VI + 0.0304 + 2.874 Vg

The surface area as a function of the pressurant and hot gas velocities is shown

in curves (a) and (b) of Figure 1. The cross-hatched zones represent hot gas

velocities above the maximum allowable of 1680 ft/sec (Mach 0.3).

The relationship of pressurant velocity and pressure loss is represented by

Hydrogen

(o.01_)(2.1) _ Vl2
--(0°50) (2) (32.2)(1_)

(_,qll)

= 6o8 x 10 -6 _ VI2

Oxygen

: ._0)(2)(32.2)(_4)

= 7-3 x lO "5 LB V12

These pressurant pressure losses are plotted in curves (c) and (d) of Figure I as

a function of tube-bank length and pressurant velocity. The cross-hatched zones

represent pressurant velocities above the maximum allowable of Mach 0.3, assuming

no pressurant pressure loss.

Figure i also shows the relationship between the pressurant velocities and

the number of tubes. This relationship is represented by

Page i0
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Vg - 1680 ft/sec Tube I.D. - 0.50 in.

I Hydrogen V - 560 ft/sec

I a. Vg - 1120 ft/sec
-Vg- 280 ft/sec

2 i000

._ 8OO.

I "_ _ Vel°city atAp= 0 _

._ _%'

_o 5 _4oo

6

_ 8 _ 200

0

0
500 i000 1500 _2000 0 200 400 600

Surface Area (As) . in_ Pressurant Pressure Loss (_pl) . psia

b. Oxygen - 1680 ft/sec (
Vg - 1120 ft/sec

Vg - 560 ft/sec

- 280 ft/sec

,

/
/

I I

500 i000 1500 2000 0 200 400 _0

Surface Area (As) , in.2 Pressurant Pressure Loss (_p1), psia

(b) (d)

F_gure I. Pressurant Velocity vs Pressurant Pressure Loss and Surface

Area for AJ-I Engine Heat Exchanger
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where

Zfd. 2
I

A =x "W-
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(Eq12)

Therefore

Hydrogen

N

[(144)(5._)(4) I i/(2.1)(3.14)(_7_)2 Vl

_144)(16.5)(4) _ l/

: 578.57 (l/v?

Another relationship between pressurant velocities and surface area requirements

is represented by the tube length per bank; i.e.j

As :ffdi L_ (_,q13)

where I.: : N LB

Therefore AS =_d i N

: (3.14)(o.5o)_

: 1.57 N_

This relationship is plotted in curves (a) and (b) Figure i.
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The hot gas pressure loss is represented by

where A
s

A
c

(E_ 14)*

is now the combined surface areas of the hydrogen and oxygen sections and

is the minimum free flow area across the bank of tubes, i.e.,

144 w

A = ------_

c pg Vg

This pressure loss equation does not consider the shell effect on flow dynamics,

because this effect is very small where a large portion of the shell's cross

section is occupied by tubes .* The shape, size, spacing, and configuration of

the tubes are the main factors affecting the mechanism of flow in heat exchanger

shells.

Therefore

Z_P
g

""'----'--'_o.o_)_o.7664)2 A v 3

s_

(2)(32.2)(500)(1-7/_') 2

= 4.4 x IO -II A V 3
s g

This hot gas pressure loss is plotted in Figure 2 as a function of total heat

exchanger surface area and the hot gas velocity. The cross-hatched zones represent

hot gas velocities above the maximum allowable of 1680 ft/sec (Mach 0.3) and pres-

sure losses above the maximum allowable of 45 psia.

The information presented in Figures i and 2 represents a graphical solution

to the following set of nonlinear simultaneous equations.

* J. G. Kundsen and D. L. Katz, Fluid Dynamics and Heat Transfer, McGraw-Hill Book

Company, Inc., New York, 1958.
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Maximum Allowable Velocity
./
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Figure 2.

Hot Gas Pressure Loss (AP), psia
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Hot Gas Velocity vs Hot Gas Pressure Loss for AJ-I

Engine Heat Exchanger
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As = (4" 326 V I
-0.8

+ 0.06259 + 5.918 V
g
-o.8o5)x lO4

-i
N = 1922 V I

As = 1"57 N LB

As = (2.179 VI-0"8 + O.0304 + 2.874 Vg -0.805) x 104

-1

N = 538.57 V I

As = 1'57 N LB

Both Hydrogen and Oxygen

in which A
S

Thus

P = 45 = 4.4 x iO "ll A V 3
g s g

is the combined surface areas of the hydrogen and oxygen sections.

A =A +A
S S S

both hydrogen oxygen

These eight equations contain the following variables:

Hydrogen - As, VI_ Vg_ N and

- As, VI, Vg, N and _

Both Hydrogen and 0xy_en - A and V
s g
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The design considerations discussed earlier dictate that two of these variables

(Vg and LB) are equal for both sections. Therefore the total numberof variables
is reduced to nine. The number of equations can be reduced to three with four

unknownsby writing each equation in terms of N, _, and V • They are:g

Hydrogen

F-

1.57 N LB = L4.326(1922 N -I)

: (o.01018n° .8

-0.8

+ 0.06259 + 5.918 V
g -o.805I x 104

+ 0.06259 + 5.918 V
g
-o.8o5)x lO4

Oxygen

1.57 _ _ : 12.179(538.57_-l)

-0.8

+ 0.0304 + 2.874 V
g -0.80 1 x 104

= (0.01433 N0"8 + 0.0304 + 2.874 V -0.805) x 104
g

Both Hydrogen and Oxygen

1.57 LB (Nhydrogen + Noxygen)
1012 -3= 1.023 x V

g

These three equations with four unknowns represent an underdetermined

system in which one variable may be arbitrarily selected. However, since N does

not vary continuously but rather is a discrete integer, the number of possible

solutions is limited. Using the information presented in Figures i and 2, the

iteration procedure utilized to obtain a solution is as follows.

Step i. An integral number of tubes (N) for each section was selected. Since

maximum press urant velocity and associated minimum surface area and weight were

desired; the minimum number of tubes consistent with criteria established for maxi-

mum allowable velocity (see Section IX,B) was selected. This number represented

three tubes for each section (Curves (c) and (d) of Figure i).
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Step 2. Then a hot gas velocity (Vg) less than Mach 0.3 (1680 ft/sec) was

assumed. This assumption, combined with the previously selected number of tubes and

pressurant velocity, provided surface area requirements for each section (Curves (a)

and (b) of Figure 1).

Step 3. The surface area requirements were added to establish the total heat

exchanger surface area. This total area was compared with the ass_med hot gas

velocity (Figure 2) to determine if the maximum allowable pressure loss had been

exceeded. If so_ a new hot gas velocity was assumed; and the "trial-and-error"

procedure reverted to Step 2.

Step 4. On satisfying the hot gas pressure loss limitation, the hydrogen

and oxygen tube numbers and surface area requirements were compared to determine if

the tube lengths were the same for each heat exchanger section. If not, the "trial-

and-error" procedure reverted to Step 1 with the selection of another combination of

the tube numbers.

The completion of the iteration process results in the following design

considerations:

(1) Five hydrogen tubes (V 1 = 384 ft/sec).

(2) Three oxygen tubes (V1 - 179.4 ft/sec).

(B) Hot gas velocity of 760 ft/sec.

(4) 180 in. of tubing per bank.

The resulting pressure losses were:

(1) Hydrogen pressure loss of 185 psia.

(2) Oxygen pressure loss of 420 psia.

(3) Hot pressure loss of 45 psia.

The staggered tube arrangement shown in Figure 3 was selected over the more

conventional aligned arrangement_ because the former provides better heat transfer

with almost no additional pressure loss.* The transverse and longitudinal spacings

* E.RoG. Eckert and R.M. Drake, Jr._ Heat and Mass Transfer, McGraw-Hill Book

Company, Inc., New York, 1959.
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of the tubes (i.e., the ratios of the transverse pitch and longitudinal pitch,

respectively, to the outside diameter of tubes) were established after examining

experimental data showing flow patterns for various tube spacings. These data

indicated that a transverse spacing (Xt) of 2 and longitudinal spacing (Xl) of

2 were optimum. However, the transverse spacing for this design was increased

to 2.1 to allow the tube bank to exit 180 degrees from the entrance, thereby

providing for similarity between the "spiral-in" and "spiral-out" halves of the

tube bank. This similarity reduces fabrication costs.

The shell dimensions are fixed by the tube bundle configuration and specified

hot gas flow velocity. The cross sectional area of the shell is equal to the com-

bined projected area of a tube bank and minimum free-flow area corresponding to the

gas velocity. It is represented by

-- + A (_ i5)A _ do c

(1441(500)
= (18o)(o.533)+ (o.7664)(76o)

2
= 220 in.

Therefore the inside diameter of the shell is

_4ADi =

/(4)(220)
= _ 3.14

= 16.75 in.

(Eq 16)

and the outside diameter (assuming Inconel 718 material) is

D = D. + 2_
o 1 (_q 17)
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where

Therefore

FS P D.

o 1ooo,
= 16.75 + 2 (0.37)

= 17.5 in.

The shell length is

L = _N do X I

: (8)(0.533)(2)

= 8.5 in.

(_q 18)

The combined weights of the tube bundles and shell are represented by

W

Tube bundle Shell

_£w_ _ 2 2 _p_,,L ( 2
(d -d. +4 o l 4 "Do

_(3"1k1(0°29)(8)(1801(_-_24 - 0"_2)-_ +

= ii o2 _-

- Di2)1 (sq 19)

_
49.8

= 61 lb

Therefore the tube bundle and shell weights will total approximately 500 lb for all

eight heat exchangers required for the AJ-Z engine. This total weight does not

include support structure, header manifolds, flanges, and other essential attachments.
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Of these items, the supports for mounting the tube bundles to their shells

are most significant. Their size is affected by the tube bundle weight and fluid-

dynamic drag created by the hot gas flowing over the tubes. Heavier tube bundles

require heavier supports, thus enlarging any existing weight differential. The

drag force is proportional to the gas density and square of the average hot gas

velocity. Therefore heavier supports also are associated with higher hot gas

velocities.
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En@lish Letter Symbols

A

A
e

A
s

A
x

C
P

D

D
c

d

E

FS

f

G

gc

h

K

k

L

½
LM_D

mw

N
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NOMENCLATURE

2
Cross-sectional area of shell, in.

2
Minimum free flow area across bank of tubes, in.

2
Inside area of heat transfer surface, in.

2
Cross-sectional area of tube; in.

Specific heat at constant pressure, Btu/ib-°R

Diameter of shell, in.

Average diameter of tubular coil, in.

Diameter of tube, in.

Modulus of elasticity, ib/in. 2

Engine design safety factor, dimensionless; FS w for

combined engine design and tube bend safety factors

Friction factor, dimensionless; f for flow inside
s

straight drawn-tubing; f. for flow inside coiled
l

tubing; f for flow normal to a bank of tubes
o

Mass velocity_ ib/hr-ft 2 of cross section; for flow

• = Wl/A ; for flow across tubes,inside tubes, G l
G : w x

o g/A c

Conversion factor in Newton's law; gc = 32.2 (ib fluid)

(ft)/(sec 2) (ib force)

Local coefficient of heat transfer, Btu/hr-in.2-°R

Universal gas constant, ft-lb/ib-mole-° R

Thermal conductivity, Btu-in./hr-ft2-°R for tube material;

Btu/hr-ft-°R for fluid data

Length of shell, in.

Length of tubing per bank (LB = LT/N) , in.

Total length of tubing, in o

Logarithmic - mean temperature difference, °R

Molecular weight, gm/gm-mole

Number of tubes, dimensionless

Page 22

I
I
I

I
l

I
I

I
I
I

I
I

I
I
I

I
l
l

I



I
I

I
I

I

I

I
I
I
I

I
I

I
I

I
I
I

I

I

Report 5329-F, Appendix H

English Letter S_bols (cont._

P

AP

Q

q

R

r

T

AT

U

V

W

W

X 1

xt

Greek Letter Symbols

£

F

T
¢

Nomenclature (cont.)

Pressure, psia

Pressure loss, psia

Rate of heat transfer, Btu/hr

Heat transfer rate per unit surface area, Btu/hr-in.2

Local heat transfer resistance, hr-in.2-°R/Btu

Radius of tube, in.

Absolute temperature, °R

Absolute temperature differential, °R

Overall heat transfer coefficient_ Btu/hr-in.2-°R

Velocity of fluid, ft/sec

Weight, lb

Mass rate of flow, lb/sec

Ratio of longitudinal pitch to outside diameter of

tubes, dimensionless

Ratio of transverse pitch to outside diameter of tubes,

dimensionless

Thermal expansion coefficient of material, in./in.

Ratio of specific heats, dimensionless

Absolute roughness of tube wall surface, in.

Dynamic viscosity of fluid, lb/ft-sec;_ s for oxygen

at an average inside tube wall temperature

Poisson's ratio of material, dimensionless

3.14, dimensionless

Density, ib/ft 3

Yield strength of material at 0.2% offset, lb/in. 2

Tube wall thickness, in.

Shell wall thickness, in.
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D_m_ on] ess Values

M

Pr

Re

Subscripts

b

ex

f

g

i

in

i

o

w
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Nomenclature (cont.)

Mach number

Prandtl number (3600_Cp/k), a fluid property modulus

Reynolds number (_Vd/12#), a flow modulus

Bulk

Exit

Film

Hot gas

Inside

Inlet

Pressurant

Outside

Tube wall
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II, Valves and Control Systems (cont.)
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Report RME55H03, 18 November 1955 (C)

Final Report - Oxidizer Shutoff Valve, 6-1/2 in. Inlet, Part No. 1316-588263,

Parker Aircraft Report 1316-R1420, November 1960 (U)

General Rocket Control System Integrated Study for YLR 45-AJ-I Rocket Engine,

Aerojet-General Corp., Report R-780, February 1954 (C)

Improvement of Rocket Safety and Reliability by Exploiting the Features of

I
I
I

I
I

I
a Continuously Monitoring Safety Control System, Aerojet-General Corp.,

Report R-1394, 6 March 1955 (C)

A Method for the Selection of Valve and Power Pistons in Hydraulic Servos,

Johns Hopkins, Report CM-717_, April 1959 (U)

A New Method for Detecting Cavitation and Turbulence in Cryogenic Fluids,

Barrett Corp., 29 August 1958 (U)

Pressure Tests of the No. 2-029680 Fuel Valve, Aerojet-General Corp.,

Report PG-5133, 6 June 1957 (U)

Propellant Utilization System Component Specifications, General Electric,

Report MTOT909(53), March 1959 (C)

XSM-65A Propellant Utilization System Operation and Test Procedures,

General Dymamics/Convair, Report ZV-7-0241, ! April 1956 _C)

Redstone L0X Replenishing Valve Icing Failures, Chrysler, Report ML-M73,

29 December 1961 (U)

Reliability Test of the Redstone Alcohol Tank Pressurization Solenoid Valve,

P/NS0-55776, Chrysler, ML-M67, 25 July 1955 (U)

Saturm SA-2 Flight Evaluation, NASA, Report MPR-SAT-WF-62-5, June 1962 (C)

A Study of Installation and Control Problems of Rocket Engines for a Long

Range Missile, Aerojet-Gener_l Corp., Report R-56_, 9 January 1952 (C)

A Study of Temperature and Thrust Control Systems for Rocket Engines,

Bell Aircraft Corp, Report TRS-126, October 1957 (C)

Stone, J. A., "_ischarge Coefficients and Steady-State Flow Forces for

Hydraulic Poppet Valves," ASME pp. 59- Hyd-18 (L959)
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III.

Report 5329-F, Appendix I

LINE, DUCTS_ AND PIPING SYSTEMS

Kellogg Co., Design of Piping Systems, 2d.ed., Wiley, N.Y. (1956)

Cold Working of AISI 347 Tube Fittings, Aerojet-General Corp., Report M-1323,

1 May 1963 (U)

Concerning the Strength and Stability of Cylindrical Bi-Metallic Shells,

ASIA, Report AD 404813, 1953 (U)

Critical Stress of Thin-Walled Cylinders in Axial Compression, Z%CA, Report

TN-1343, June 1947 (U)

Design of Piping Systems and Controls for Liquid Nitrogen and Similar Low-

Temperature Liquids, AEC, Report MTA-32, 3 February 1953 (U)

Design Criteria for Zero-Leakage Connectors for Launch Vehicles, General

Electric Advanced Technology Laboratories, final report, 15 March 1963

(for first contract period), quarterly report No. 4, 15 Jane 1963, and

quarterly report No. 5, 15 September 1963 (U)

Development of Mechanical Fittings (Phase I), AFFTC Rocket Propulsion Lab.,

Report RTD-TDR-63-14, February 1963 (U)

Flow of Fluids Through Valves_ Fittings and Pipes, Crane Co., Technical

Paper 410, 1957 (U)

Gas Transmission and Distribution Pi_ing Systems, ASAE, Report B 31.8, 1963 (U)

On the Bending of Circular Cylindrical Shells by Equal and Equally Spaced

Concentrated End Loads, Space Technology Lab., Report EM9-20, 20 October 1959 (U)

On the Free Vibration of Thinned Cylindrical Shells, Aerospace Corp.,

Report AF 04 (695)-169, 20 December 1962 (U)

A Practical Numerical Solution of Water-Hammer Phenomena in a Complex

Hydraulic Line, AeroJet-General Corp., Memo, F. Sidransky to L. B. Bassham,

24 Jane 1963 (U)

Structural Behavior of Pressurized Ring-Stiffened Thin-Walled Cylinders

Subjected to Axial Compression, NATA, Report TN-D-506, October 1960 (U)

Study and Preliminary Experimental Evaluation of Missile Fuel Systems and

Components Using LH 2, WADC, Report TR-59-426, July 1959 (U)

Zero-Leakage Design for Ducts and Tube Connections for Deep Space Travel,

General Electric Advanced Technology Laboratories, Monthly Report

9, i0 April 1964 (U)
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III, Line, Ducts, and Piping Systems (cont.)

Angus, R. W.,"Water-HammerPressures in Compound and Branched Tubes, "

Amer. Soc. Civil Eng., pp. 133-331 (1938)

Panarelli, J. E. and Hodge, P. G., "Interaction of Pressure, End Load, and

Twisitng Moment for a Rigid-Plastic Circular Tube," J. Applied Mechanics, 1962

Rodabaugh, E. C., George, H. H., "Effects of Internal Pressure on the

Flexibility and Stress Intensification Factors of Curved Pipe or Welded

Elbows," ASME, Paper 56-5A-50

Sverdrup, N. M., "Pressure Surges in Hydraulic Circuits," Product Engineering_

1953
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HEAT EXCHANGERS

Eckert, E.R.G, and Drake, R. M. Jr.,Heat and Mass Transfer, McGraw-Hill

Book Company, inc., New York, 1958

Gebhart, B., Heat Transfer, McGraw-Hill Book Company, Inc., New York, 1961

Kays, W. Mo and London, A. L. Compact Heat Exchangers, The National Press,

Palo Alto, California, 1955

• _a_d Dynsmics and Heat Transfer, McGraw-Hill_nudsen, J G. and Katz, D. L. _i_

Book Company, inc., New York, 1958

McAdams, Wo H., Heat Transmission, 3d edo, McGraw-Hill Book Company, Inc.,
New York, 1954

Roark_ Ro J., YDrmulas for Stress and Strain, McGraw-Hill Book Company, Inco,

New York, 1954

Shapiro, A. Ho, The Dynamics and Thermodynamics of Con_ressible Fluid Flow,

Voi. I, The Ronald Press Company_ New York, 1953

Choking Two-Phase Flow Literature Summary and Idealized Design Solutions for

I

I
i
I

I

I
I
I

I

I

Hydrogen, Nitrogen_ Oxygen, and Refrigerants 12 and Ii, National Bureau of

Standards, Technical Note No. 179, 3 August 1963 (U)

Design, Constructio_ and Testing SF-I Fuel Heat Exchanger_ WADC, Technical

Report, A_gust 1959 (U)

Design Guide for Pressurization System Evaluation_ Liquid Propulsion Rocket

Engines_ AeroJet-Geaeral Corp., Report 2334, 30 September 1962 (C)

F-I Pres_surizat_on System Ar:alysis, Roci_etdyne, Report 2683, !0 October 1960

(c)

F-I Ta_ Press arization Study_ Rocketd[vr.e, Report 1559_ 15 M_y 1959 (C)

Flow of Fl_ids qT_rough Valves_ Fittings:9 and Pipe, Crane Technical Paper
No. 410, Crane Co., Chicago, 1957 (U)

Heat Transfer and Flow Data with Cryogeric Hydrogen for Nuclear Rocket

System Design, NASA/Lewis, Report (C)

Heat Transfer to Cryogenic Hydrogen at Supercritical Pressuresj Aerojet-

General Corpo, Report R-18h2, July 1960 (U)
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IV, Heat Exchangers (cont.)

The Heat-Transfer Characteristics of Gaseous Hydrogen and Helium, Rocketdyne,

Report, December 1960 (U)

Mean Temperature Difference in Multi-pass Crossflow Heat Exchangers_ Convair,

Report AD 400_3_, September 1955 (U)

Project Hydra: Selection of a Gas Pressurization System for a Liquid Oxygen

and Liquid Hydrogen Rocket, Aerojet-General Corp., Report 1826, June 1960 (C)

Properties of 0xygen , Aerojet-General Corp., Report 9200-11-63, 27 September

1963 (U)

Properties of Para-Hydrogen, Aerojet-General Corp., Report 9050-6S, July 1963 (U)

The Regenerative Heat Exchangerfgr Gas Turbine Power Plant Part 6, Mechanical

and Sealing Tests on a Disc-Type Regenerator, MOS, Report NGTE R159, June 1954 (U)

Saturn Booster Liquid Oxygen Heat Exchanger Design and Development, Rocketdyne,

Report, August 1961 (U)

Study of Pressurization Systems for Liquid Propellant Rocket Engines, Aerojet-

General Corp., Report 0480, 31 December 1961 (C)

Study of Pressurization Systems for Liquid Propulsion Rocket Engines, Aerojet-

General Corp., Report 2335, 15 September 1962 (U)

Ito, H.. "Friction Factors for Turbulent Flow in Curved Pipes," ASME Paper

58-SA-I_, 21 February 1958 (U)

Lucks and Deem, "Thermal Properties of 13 Metals, " ASTM Special Publication

22__1, (I;)

"Properties and Selection of Metals," Metals Handbook, 8th ed., Vol. i,

American Society of Metals, Novelty, Ohio, 1961
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BELLOWS

Zallea Expansion Joints, Catalog No. 56, Zallea Bros, Wilmington, Del. (1956)

Combined Flame and Vibration Test of Flexible Metal Hose Assemblies, Aerojet-

General Corporation, Report TD-98-0619, 21 May 1959 (U)

Development of Flexible-Skirt Nozzles for First-Stage Polaris Model As Motor,

Aerojet-General Corporation, Report R-SRP-307, 30 November 1962 (C)

Semans, W. and Blumberg, L., Endurance Testing of Expansion Joints; A comparison

of the Cycling Life of the Various Commercial Types of Corrugated Expansion
Joints

I
I

I
I
I

I
I

I
I

I
I

I
I

Evaluation of No. 1-204260 Flexible Joint Assembly, Aerojet-General Corporation,

Report PG-1363, 5 July 1956 (U)

__epe, SJ_ High Pressure Expansion Joint Studies, ASME, Report 55-PET-IO,
September i955 (U)

An Investigation of the Effect of Internal or External Pressure or the Bending

Characteristics of an Actuator System Utilizing Bellows, STL, Report EM8-25

31 December 1958 (U)

Ramjet Control System Bellows Development, WADC, Report TR55-237, October 1954, (U)

Task I, Flexible Skirt Nozzle Program, Cleveland Pneumatic Industries,

Report 18484 PR 59-8, August 1959 (C)

WFNA Corrosion of Bellows_ AISI 302 Stainless Steel, Aerojet-General Corporation,

Report M-1305, 17 February 1955 (U)

Daniels, C.M., "Designing for Duct Flexibility with Bellows Joints," Machine

Design, pp. 155-157 October 1959

Freely, F. J., Garyl, W. M., "Stress Studies on Piping Expansion Bellowsj"
J. Applied Mechanics, Paper 44-APM-22

Matheny, J.D., "Bellows Spring Rate for Seven Typical Convolution Shapes,"

Machine Design, pp. 137-139, January 1962

Seide, Paul, "The Effect of pressure on the Bending Characteristics of an

Actuator System," J. Applied Mechanics, pp. 429-437 , September 1960
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MATERIALS

SEALS AND SEALANTS

Advancement of Solid Propellant Rocketry; Quarterly Report of Army Supporting

Research, Thiokol, Report TCC R-17-62, 5 June 1962 (C)

Analytical and Preliminary Design Studies of Nuclear Rocket Propulsion Systems,

Aerojet-General Corporation, Report R-1999, June 1961 (S)

Composite Inorganic Resilient Seal Materials, Amour Research Foundation,

Report TH_9-_8, December 1961 (U)

Contract NASw-28 Monthly Progress Report for March 1959, Bell Aircraft Corp.,

Report BACS-I19066-16, 9 April 1959 (C)

Contract NASw-28 Monthly Progress Report for April, 1959, Bell Aircraft Corp.,

Report BACS-I19619-12, 7 MaY 1959 (C)

Cryogenics and Low Temperature Research, A Report Bibliography, ASTIA, Report

AD-271000, February 1962 (C)

I
I
I

I
I
I

I
I

Cryogenic Materials Data Handbook, NBS, Report X-5, MaY 1960 (U)

Cryogenic Research and Development, NBS, Report R-6736, 31 December 1960 (U)

Cryogenic Seals, A Report Bibliography, Defense Document Center, Report AI2B-

8195, 12 August 1963 (C)

Cryogenic-Solid Cooling Techniques, Aerojet-General Corporation, Report R-0694-

01-2, January 1963 (U)

Cryogenic Tankage for Chemical Space Power Systems, Beech Aircraft Corp Report,

1961 (U)

Design Criteria for Zero-Leakage Connectors for Launch Vehicles, General Electric

Advanced Technology Laboratories, Final Report, 15 March 1963 _for first contract

period), Quarterly Report No. 4, 15 June 1963, and Quarterly Report No. 5,

15 September 1963

Development of Liquid Hydrogen Flanges, Air Products and Chemical Inc.,

Report APCI751 _, December 1961 (U)

Dyna-Soar, Boeing Co., Report D2-7326-13, 20 January 1962 (C)

Dyna-Soar Quarterly Summary Progress Report, Boeing Co., Report D2-7326-14,

2o April 1962 (C)

Elastomeric Seals and Materials at Cryogenic Temperature 9, NBS, Report R-7234,

January 1962 (U)

Heat Transfer to Cryogenic Hydrogen at Super Critical Pressures, Aerojet-

General Corp., Report July 1960

I
I

I
I
I
l
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VI, Materials, Seals and Sealants (cont.)

High-Temperature Resistant Elastomer Compounds,WADC, Report TR-56-33, May 1962 (U)

Hydrogen Fuel Systems Components, A Report Bibliography, ASTIA, Report
ARB-9_7, April 1962 (S)

I

I
I
,l

I
I
I

Investigation of Cryogenic Solid Cooling Techniques, Aerojet-General Corp.,

Report R-2127, February 1962 (U)

Investigation of Parameters Which Affect the Design of a Liquid Hydrogen

Missile Feed S_stem, Borg-Warner Corp., Report B-W AFF_C TR-61-5 (U)

J-2 Program Quarterly Progress Report for Period Ending 8/31/61, North American

Aviation, Report R-26004, 29 September 1961 (C)

J-2 Program Quarterly Progress Report for Period Ending 2/2/62, North American

Aviation_ Report R-26004, February 1962 (C)

A Method For Determining Approximate Propulsion Cutoff Conditions for Ballistic

Interplanetary Trajectories, Rand Corp., Report RM-2671, 29 December 1960 (U)

National Research Council Proceedings_ Vol. II Sixth Joint Army-Navy-Air Force

Conference on Elastomers Research and Development, National Academy of Science,

Report NAS-NRC, Vol 2, 20 October 1960 (U)

Program of Testing Nonmetalic Materials at Cryogenic Temperatures, North American

Aviation, Report R RTD-TDR-63-11, 30 December 1962 (U)

Propellant Systems O_timization Study, Boeing Co., Report DGR-TOR-331- (C)

A Proposal to Marshall Space Flight Center to Perform as Saturn S-II Stage

Prime Contractor_ Vol III, Aerojet-General Corp., Report AGC-61002, July i961 (C)

I

I
I
l

l

I
I

Radiation Effects Facility Operational Requirements, AeroJet-General Corp.,

Report R-2301, June 1962 (C)

P esearch on High Temperature Resistant Rubber Com_ounds WADC, Report TR56-331,

April 1960 (U)

Results of a Study of Best Pumping System for a Liquid Parahydrogen Aircraft

Fuel System, WADC, Report TR679, December 1958 (U)

Rockets in Space Environment, Phase II Individual Component Investigation,

Aerojet-General Corp., Report R-2263, ii April 1962 (U)

Seals for 5200 Psi Air Systems, Mare Island Naval Shipyard, Report R-28-I0,

i0 July 1962 (U)

Second Quarterly Report to National Aeronautics and Space Administration on

Cryogenic Research and Development_ NBS, Report R-6736, 31 December 1960 (U)
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VI., Materials, Seals and Sealants (cont.)

Selection of Materials for Cryogenic Applications in Missile and Aerospace

Vehicles, General Dynamics/Astronautics, Report MEG 132-1, 25 February 1960 (U)

I
I
I

Specific Operational Requirement for a Quick Reaction Intercontinental Ballistic

Missile Weapon System, Air Force, Report AF SOR-171, 6 August 1958 (S)

Storage, Servicing, Transfer, and Handling of Hydrogen, AFFTC, Report TR-61-18,

May 1961 (U)

Study of Dynamics and Static Seals for Liquid Rocket Engines, General Electric,

Report 7-i02 FR 63/3 Vol. i, 29 March 1963 (U)

Study and Preliminary Experimental Evaluation of Missile Fuel Systems and

Components Using Liquid Hydrogen, INADC_ Report TR-59-426, July 1959

Tubing and Fitting Program, Preliminary Report, North American Aviation

Report 495-58-552, 22 Sept 1955 (U)

Seal Test Report, Aerojet-General Corp., Report X-45, 6 March 1957 (U)

Status Report on Rotating-Shaft Helium Seal Investigation, Battelle Mem. Inst.,

Report SR 59-8, 25 August 1959 (U)

Study of Zero-Gravity Rocket Expulsion Techniques, Bell Aerosystem Report 8230-

933004, June 1963 (U)

Temperature-Energized Static Seal for Liquid Hydrogen, University of Michigan

Report August, 1961 (U)

Zero-Leakage Design for Duct and Tube Connections for Deep Space Travel,

I
I

I
I
I

I

I
I

IGeneral Electric Advanced Technology Laboratories, Monthly Report 9,

i0 April 1964 (U)

"Selection of Shaft Seals," Engineering Materials and Design, p. 90,

February (1959) (U)

Page 12

I

I

I

I

I

I

I



I
I

I
I

l

Report 5329-F, Appendix I

VI, Materials (cont.)

DUCTING

Aft-End Closure Study for Polaris A-3 Rocket Motor Case_ B. F. Goodrich Co.,

Report Number 4, 26 August 1961 (U)

Air Force Evaluation Testing of Atlas D Components, Three Pneumatic Disconnect

Couplings, Component Evaluation Labs., Report 135TR61-14 (Test Report 2001.5)

August 1961

I

I
I

I
I
I

I
I

I

I
I
I

I

I

Compilation of Materials Research; Second Summary Report, Phase II, General

Dynamics/Astronautics, Report AE62-0060-I, March 1962 (U)

Cryogenic Adhesive Evaluation Study, General Dynamics/Astronautics, Report

ER-AN-032, 25 January 1961 (U)

Design Criteria for Zero Leakage Connectors for Launch Vehicles, General Electric,

Report 4012 FE-63-2, 15 March 1963 (U)

Design Problems as Affected by Cryogenic Temperatures, Battelle Mem. Inst.,

Report DMIC-M-81, 24 January 1961 (U)

Disconnect Couplings - Pueumatic_ Rise-off_ Bottle Supply Ground to Missile,

General D_lamics/Astronautics Div., Report 2343, 24 July 1961 (U)

Effect of Fuel Injectors and Liner Design on Performance of an Annular Turbojet

Combustor with Va_or Fuel, NACA, Report RME 53B04, 6 April 1963 (U)

Environmental Evaluation Test of the L0X Quick Fill Flan_e Part H8944101,

Chrysler Corp., Report ML-M137J, 13 May 1960 (U)

Epoxy-Nylons Adhesives for Low Temperature Applications, General Dynamics/

A_tronautics, Misc., August 1961 (U)

Evaluation Testin_ for the Martin Company of one Flexible Tubing Corg. Insulated

Flexllne PN FT3737-1 and Stratos Corp. Connector PN PD-4850094 for Use in The

_itrogen Recontamination System, Wyle Laboratories Inc., Report llO06, 31 July 1961

Feasibility Demonstration of the Design_ Fabrication and Testing of Filament-

Wound Fiber61as Liquid Propellant Tank_, Boeing COo, Report SSDTR 61-45. May

1962 (U)

Fesibility Demonstration of Flight Weight Solid Propellant Attitude Control

Pulse Rocket System, WADC, Report WSR 2-256, 28 July 1962 (C)

Flight-Certification on Oxidizer Pressure Line Between Tanks Stage I,

PN PD4150060-005, Martin-Marietta Corp., Report 404.70.70.20-F3-01,

26 December 1961 (U)

Hose Assembly - Flexible Liquid Oxygen CVA PN 27-02923, - Cosmic Co_. PN 40150,

General Dynamics/Astronautics Div._ Report 145:13_C, 2_ July 1961

Page 13
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VI, Materials, Ducting (cont.)

Hose Assembly_ Metal_ Fuel Tank Pressurization, Douglas, Report 404.10.70.50-

D7-015, 18 January 1962

Hose Assembly_ Venus Liquid Oxygen Supply MA-_3, General Dynamics/Astronautics,

Report FR-9-49ii, 18 January 1962

Large Plastic Rocket Motor Cases, Thiokol Chem., Report ASD TR7-858 Vol 2,

31 December 1961 (U)

Main Propellant Tank Pressurization System Study and Tests, Lockheed Aircraft

Corp., Report ER'4728, February 1961 (U)

Maintenance Analysis for Propulsion Subsystems, Aerojet-General Corp.,

Report R-521/SAI6-2C-M-13, April 1963 (U)

Methods of Bondin_ Fluorocarbon Plastics to Structural Materials, Picatinny

Arsenal, Report R-6, May 1961 (U)

Polaris Propulsion Development Weekly Progress Report, Aerojet-General Corp.,

Report RPDWRR61-72-15, 15 December 1961 (C)

Preproduction Test Report of Joint Assembly Missile Toppin_ Flexible Launch

Platform, General Dynamics, Report T8020, August 1961 (U)

Proceedings of the Bureau of Naval Weapons_ Missiles and Rockets Symposium,

NWB, 24 April 1961 (U)

A Proposal to North American Aviation_ Space and Information System Division

for Apollo Service Module Rocket Engine, Aerojet-General Corp., Report SD62034,

March 1.962 (C)

Proposal for the Development of Data for Large Solid Rocket Motor Cases

_mploying Fiberglas, North American Aviation, Report R-3703, 28 July 1962 (C)

Qualification Testing of the Liquid Oxygen Disconnect Elbow 8944106 and LiQuid

Oxygen Fill Flange 8944101 , Chrysler Corp., Report MD'MIO6J, 19 June 1959 (U)

Q_ick Disconnect Functional Test, Douglas Aircraft Co., Report TM-L2684,

18 J_aly 1.961

Recommended Applied Research and Advanced Technology Programs, Aerojet-General

Corpo_ Report EAFB-17_ December 62 (C)

Socke± and Adapter, General Dynamics/Astronautics, Report 2067, 12 Oct 1961

Stat_s of Research and Engineering Projects, Hercules Powder, Report, ABL/QPR-37,

July 1962 (C)
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Report 5329-F, Appendix I

VI, Materials, Ducting (cont.)

Study of Integrated Cryogenic Fueled Power Generating and Environmental Contro_

Systems, Vol III, Crogenic Tankage Investigation, Beech Aircraft, Report ASD

TR-61-327, November 1961 (U)

Technical Reports Abstracts, Redstone Arsenal, Report TRA63-2, Ii January 1963 (C)

Title Classified, Curtiss-Wright Corp/Wright Aero. Div., Report 2, 16 September
1%1 (C)
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Report 5329-F, Appendix I

HI S CELLANEOUS

Establishing Tank Design Criteria for LH 2 Rockets_ VIII_ Materials for LH 2 Boost _

Beechcraft, Report ER-8768, May 1962 (U)

Glass Fiber Strength Enhancement Through Bundle Drawing Operations, lllinois

Institute of Technology Research Institute, Report N600(19)58450 (U)

General Design Theory for Filament-Wound Rocket Motor Cases, Aerojet-General

Corpo, Report 2677, August 1963 (U)

High-Pressure Hydrogen Effects on Steel, CARDE, Report TM609/61, May 1961 (U)

High-Pressure Research in Metals and Ceramics, General Electric, Report 5951PR-6,

December 1959 (U)

IRFNA Corrosion Evaluation of Oxidizer Tank Outlet Assemblies, Aerojet-General

Corpo, Report R-iO96, 29 March 1956 (C)

Isotensoid Design of Filament-Wound Pressure Vessels, Aerojet-General Corp.,

Report TP-128, November 1963 (U)

Measurement of the Thermal Properties of Various Aircraft Structural Materials,

I
I
I

I

I
I

I

I

I
WADC, Report 5T-IO (U)

Metallurgical Investigation of Failed SA/#I LOX Discharge Line on A-_ Missile

_, Aerojet-General Corp., Report MM-126, 12 February 1959 (C) ....

Properties of Missile Materials at Cryogenic Temperatures, Martin Co.,

Report MI-60-2L, May 1960 (U)

Research and Development of Hi_h-Pressure, High-Temperature Metallurgy_

WADD_ Report TR60-893, August 1961 (U) _

Studies of Less-Critical Materials for'Rocket Components, Aerojet-General Corp.,

Report R-913, February 1955 (C)
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VII. MISCELLANEOUS

Marks, L. S., Mechanical Engineers Handbook, McGraw-Hill Book Co. Inc.,

5th ed., p. 478, New York, 1951

A Balance Method of Measuring the Thrust Reaction of An Air Jet, MOS,

Report DGGW EMR-58/3, October 1957 (U)

Current Vacuum Technology and Practice, Aeronautical Systems Div, Report

TN61-102, December 1961, (U)

The Designin_ of Dynamic Pressure Stages for High Pressure/High Vacuum Systems,

Toronto University, Report UTIA R-78, August 1961, (U)

Development of High-Energy Composite Propellants for Large Rocket Engines

Covering Period i July - 30 September 1957, Phillips Petroleum Co.,

Report R-734-3-57RF (C)

Development of SNAP-8 Nuclear Power Conversion System Model AC_&V-0010, Aerojet-

General Corp., Report R-0390-046, 7 Feb 62 (C)-

Development of the Prepackaged Li%uid Propellant Rocket Propulsion System for

the Automatic-Guided Missile B, Aerojet-General Corp., Proposal LR62003A,

15 October 1962 (C)

Development of X]]R-_AJ-_ Liquid Propellant Booster Rocket, Aerojet-General Corpo,

Report PR7510/15-12, 7 JulY 1954 (C)

Dynamic Shaft Seals in Space, General Electric, Report AF 33(657)-8459 ,

15 J_y 1_2 (u)

Engineering Design of Propellant Loading Systems for Operational, WSG-107A

Missiles, A.D. Little, Report 34 PR-11, (1957) (U)

High Pressure Phenomena, Pennsylvania State University, Report 656(20)TR-7,

29 November 1960 (U)

H__igh Pressure PumDing Technology, AeroJet-General Corp., Proposal LR61297, Vol. l,

7 0ctober 1961 (C)'

Hydrogen Handbook, A. D. Little, Report Contract AF 33(616)6710, April 1960 (U)

An Investigation and Study of LOX-JP4 Propellant Combination and R and D of

Advanced High Thrust Rockets Utilizing LOX-JP4 Propellant Combinations, North

American Aviation, Report RE-38-4, lO November 1953 (C)

Investigation of Cryogenic-Solid Cooling Techniques, Aerojet-General Corp.,

Report R-2127, February 1962 (U)
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Vll, Miscellaneous (cont.)
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